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ABSTRACT
Predictive assays are of key importance in clinical radiotherapy, chemotherapy
and toxicology. Prior to exposing malignant tissues to irradiation or drugs in
the clinic, a good understanding of the damage response to the cytotoxic agent
is required. Such information is necessary for effective planning and treatment.
Regrettably however the methods which detect DNA damage, namely
micronucleus, apoptosis and DNA repair assays do not rank cells according to
their intrinsic survival response to cytotoxic agents. The application of
predictive assays based on micronuclei and apoptosis in the clinic therefore
remains unreliable. Using a panel of 7 neuroblastoma and 6 neuroepithelial
cell lines, it is shown that damage assays also do not rank cell lines according
to cell survival. However, radiosensitivity can be reconstructed from
micronuclei formation and apoptosis, and a new parameter, cell death due to
small deletions, chromosome aberrations and misrepair. The interrelationships
between radiation-induced micronuclei, apoptosis and repair is complex and
varies between cell lines. Micronuclei formation and apoptosis are
exponentially interrelated. This suggests that these cell inactivation pathways
are strongly correlated. Evidence exists to show that the expression of
apoptosis and micronuclei is influenced by the extent of DNA double-strand
break repair within the first 2 hours after irradiation. Cell lines which repair
more damage in the first 2 hours express more micronuclei and less apoptosis.
Micronuclei formation and apoptosis and are not significantly correlated with
the 20 hours slow repair component. There is however a strong correlation
iii
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between 20 hours of repair and radiosensitivity, with the more radioresistant
cell lines being more repair proficient. This suggests that the 2 hours (fast)
DNA repair component is more error prone, and that cells lines repairing more
damage late after irradiation tend to show better survival. In conclusion,
micronuclei formation, apoptosis and DNA repair are strictly cell type specific
and are not suitable for predicting radiosensitivity in terms of cell survival.
However, these assays are very useful for studies on the influences of dose
modifying agents i.e. oxygen tension, radiation modality, pH, cytotoxic
sensitisers and radiation protectors which alter cellular responses and provide
insight into damage mechanisms.
IV
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OPSOMMING
Toetse wat kliniese gevolge kan voorspel is van uiterse beking in
stralingsterapie, chemoterapie en toksikologie. Voordat kwaadaardige
weefsels aan bestraling of chemise middels blootgestel can word in die kliniek,
moet daar 'n goeie begrip van die skade weerstand wees van die selgiftige
middel. Hierdie inligting is noodsaaklik vir effektiewe beplanning en
behandeling. Ongelukkig stem die metodes wat ONS skade, apoptose en
ONS hersteltoetse, nie ooreen met die selle se inherente straling sensitiwiteit
nie. Die aanwending van voorspelbare toetse gebaseer op mikrokerne en
apoptose in die kliniek bly dus onbetroubaar. Deur gebruik te maak van 'n
paneel van 13 neurologiese sellyne, is daar bewys dat ONS skade toetse nie
sellyne rangskik volgens seloorlewing nie. Radiosensitiwiteit kan herbou word
deur 'n neiging om mikrokerne te vorm, apoptose, en sel sterftes weens klein
vermiste ONS volgordes, chromosoom aberrasies en verkeerd herstelde ONS.
Die verhouding tussen straling-geïnduseerde mikrokerne, apoptose en sel-
genees is kompleks en varieer tussen sellyne. Die ontstaan van mikrokerne
en apoptose is eksponensiel verbind. Dit dui aan dat hierdie
seltraagheidsbane streng gekorreleer word. Daar is bewys dat die uitdrukking
van apoptose en mikrokerne deur die mate van herstel van die ONS
dubbelstring-breuke binne die eerste 2 ure na bestraling beïnvloed is. Daar is
gevind dat sellyne wat meer skade herstel binne die eerste 2 ure meer
mikrokerne en minder apoptose toon. Die ontstaan van mikrokerne en
v
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apoptose is nie betekenisvol gekorreleer met die 20-uur stadige herstel
komponent nie. Daar is inderdaad 'n sterk korrelasie tussen die 20-uur herstel
komponent en radiosensitiwiteit, en die meer radioweerstandbiedende sellyne
net In hoër herstel bekwaamheid. Dit laat mens dink dat die 2 uur (vinnige)
DNS herstel komponent meer geneig is om foutief te wees, en dat sellyne wat
meer skade, laat na bestraling herstel, beter oorlewing toon. Ten slotte, die
ontstaan van mikrokerne, apoptose en DNS herstel is strenggesproke seltipe
spesifiek en is nie toepaslik om radiosensitiviteit, in terme van seloorlewing, te
voorspel nie. Hierdie toetse is nuttig vir studies waar die invloed van
dosismodifiseringsagente, soos suurstof-spanning, straling-tipe, pH,
sitotoksieke sensiteerders en stralingsbeskermers, wat sellulêre gevoeligheid
verander en insig gee tot skade meganismes.
vi
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CHAPTER 1
INTRODUCTION
1.1 Relevance of Radiobiological Studies on Tumour Cell Lines
Radiotherapy produces a wide variety of local and systemic responses in
normal tissues. The radiation response consists of acute and late components.
Malignant tissues are more radioresistant than the surrounding normal tissues.
The degree to which normal tissue is spared in radiotherapy would, therefore,
be influenced by the radiosensitivity of the malignant tissue. The need to spare
normal tissue has led to the use of differential radiosensitivity as a prognostic
factor for the radiotherapy of cancer (Hall et al. 1986, Weichselbaum et al.
1989, West et al. 1993). Presumably, the treatment of a more sensitive tumour
would lead to a higher level of normal tissue sparing and vice versa.
In vitro studies on different tumour cells show a wide variation in radiation
response ranging from the radiosensitive lymphomas, seminomas and
neuroblastomas to the resistant melanomas and glioblastomas (Arlett et al.
1980, Fertil et al. 1984, 1985, Peacock et al. 1988, Weichselbaum et al. 1989).
1
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Glioblastomas tend to be refractory to radiotherapy as reflected by their poor
prognosis in clinical trials (Loeffler et al. 1990, Hartsell et al. 1997). These
clinical results have been supported by in vitro studies which show high
radiation resistance in glioblastoma cell lines (Fertil and Malaise 1984, Budach
et al. 1997). The high rate of recurrence in brain tumours, especially
astrocytomas, has been attributed to tumour cell migration (Halperin et al.
1988, Giese et al. 1994). Metastasis is one of the main reasons for the poor
clinical outcome in the treatment of head and neck tumours with radiation.
Cellular resistance to irradiation either in vitro or in clinical radiotherapy has
been known to depend on several factors. The susceptibility of a cell line or
tissue to express the so-called programmed cell death or apoptosis is known to
influence its radiosensitivity (Stephens et al. 1991, Tauchi and Sawada 1994,
Olive et al. 1996, Hu and Hill 1996). A tissue's ability to adequately repair
damage also determines its overall response to irradiation (Fertil and Malaise
1981, 1985, Wlodek and Hittelman 1988b, Durante et al. 1998, Dolling et al.
1998). The proliferative state of any cell type or tissue would influence its
response to radiation damage and its subsequent survival level (Fowler 1986,
Begg et al. 1990, Budach et al. 1997).
Other factors which regulate the cellular response to radiation damage are the
bioenergetics and the level of oxygenation (Pettersen et al. 1977, Hochel et al.
1991, 1993, Zywietz et al. 1995, Nordsmark et al. 1996). It has been suggested
that the high irradiation resistance in neuroepithelial tumours could arise from
2
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low oxygen concentration and low levels of lipid peroxidation in the target
tissue, since high levels of these factors facilitate neuronal death (Busciglio
and Yankner 1995). Vaupel and co-workers, however, found no significant
differences between the distribution of oxygen in normal brain and brain
tumours (Vaupel et al. 1996).
Environmental and growth factors can also influence radiosensitivity. The
presence of a platelet-derived growth factor has been found to modify the
expression of radiation-induced apoptosis in human prostate cancer cells (Kim
et al. 1997). Changes in environmental pH have been shown to significantly
affect the level of radiation-induced apoptosis and therefore the level of
survival in mouse mammary adenocarcinoma cells (Lee et al. 1997).
These factors would influence the biological effectiveness of radiation and
hence the net tissue response, although the complexity of tissue response is
nonetheless often compounded by inter-patient variability. Radiobiological and
cell biological studies which could elucidate the intricate mechanisms of
cellular responses have become desirable. Indeed, such information would be
very useful in the management or control of head and neck tumours, which
remain very difficult to treat and which have defied all efforts in the clinic. The
outcome of tumour therapy, by irradiation or drugs or a combination of the two
approaches, greatly depends on a successful diagnosis and the choice of
treatment.
3
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1.2 Predictive Assays for Irradiation and Drug Toxicity
When deciding on the particular predictive assay to use prior to therapy,
several factors come into play. An ideal predictive assay should be easy to
perform, widely applicable, rapid, ethical, inexpensive, reproducible and
reliable. In a review, Peters and co-workers categorised predictive assays into
two broad groups: those assessing cellular radiosensitivity and drug toxicity,
and those involving the assessment of factors that influence cellular response
to drugs and radiation (Peters et al. 1986). Some of the techniques under
these categories are briefly discussed in the following sections.
1.2.1 Assessment of Cellular Radiosensitivity and Drug Toxicity
Assays for establishing cellular radiosensitivity and response to drug treatment
can be either direct or indirect (Peters et al. 1986). Direct methods include in
vitro or in situ cell survival assays such as colony formation, vital dye staining
and xenograft assays. Indirect indicators of cellular response to radiation or
drugs are those that assess damage and damage repair. These indicators are
based on the notion that a cell's ability to efficiently repair damage would
greatly influence its overall survival. Examples of indirect assays are the
micronucleus assay, assessment of chromosome aberrations, analysis of the
suppression of DNA synthesis and cell proliferation, the apoptosis assay and
the assessment of DNA strand breaks and repair.
4
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1.2.1.1 Cell Survival Assays
Cell viability determined by cell survival would measure whether a cell line or
tissue would be sensitive or resistant to a particular cytotoxic treatment. When
cells are subjected to damaging agents, the sustained damage may be
repaired and the cells would then proceed in the cell cycle, and preserve their
reproductive integrity. In the event of inadequate repair, the cells enter
apoptotic pathways and are eliminated. The surviving cells can be detected by
the dye staining or by the colony assay. More resistant cell types would show
higher levels of survival than sensitive cells.
1.2.1.1.1 Vital-Dye Staining Assay
Vital-dye staining assays such as the "crystal violet" assay work on the
principle that cells that are viable after cytotoxic treatment would take up the
dye or metabolise or interact with a dye precursor to produce positive staining.
Ideally, the amount of dye picked up is directly proportional to the number of
viable cells (Brock et al. 1990). It is therefore possible to determine the
proportion of cells surviving the induced damage. This assay is an easy option
for assessing cell survival in non-clonogenic cell lines.
This technique has a number of shortcomings. Cell debris or even components
of the culture medium, if not adequately rinsed off, tend to pick up the dye.
Besides, all living cells are detected irrespective of whether they are dividing
or residing in Go. For these reasons, vital-dye staining assays usually lead to
an overestimation of reproductively viable cells (Brock et al. 1990). If cultures
5
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are left to grow over too long periods, some cells float-off at confluence
resulting in reduced dye uptake and low levels of survival. On the other hand,
if a particular cell type does not float off at confluence, cells may stop
proliferating and this would diminish the differential between treated and
untreated samples. Cell types that grow in suspension or exhibit low
anchorage in culture are not suitable for this assay.
1.2.1.1.2 Colony Assay
This technique assesses reproductive integrity in response to cytotoxic agents
or irradiation (Puck and Marcus 1956). The colony assay has become widely
accepted as the gold standard for determining radiosensitivity and drug toxicity
(Barranco et al. 1971, Rockwell and Kallman 1973, Pourreau-Schneider and
Malaise 1981, Paleie and Skarsgard 1984, Chen et al. 1984, Dertinger et al.
1984, Stuschke et al. 1992, Warenius et al. 1994, Skarsgard et al. 1994, 1996,
Budach et al. 1997, Tsuboi et al. 1998). This assay measures the cell's
capacity to retain its reproductive integrity in response to toxins and to
genotoxic stress. The assay requires that cells are dividing and that they pass
through 5-10 post-treatment mitoses and continue to form viable colonies or
clusters of at least 50 cells (visible or detectable microscopically). Colonies
which consist of too few cells, at the termination of an investigation, are
considered to have lost their reproductive integrity and are therefore not
scored as survivors. This approach is therefore not convenient for primary cell
cultures or fresh biopsies that are usually characterized by very low plating
efficiencies and poor ability to form colonies (Rockwell 1985).
6
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Non-adherent cell types or those that exhibit poor anchorage are also not
suitable for this method, since mild physical disturbances can detach colonies
during sample preparation and lead to low levels of survival. Cell types which
tend to spread in culture instead of aggregating in clusters are not ideal for the
conventional clonogenic assay, and a modified approach using thin layers of
soft agar is used (Courtenay and Mills 1978, Stuschke et al. 1992, 1993).
Another disadvantage of the colony assay is the relatively long incubation
periods, which may require 1-2 weeks (Villa et al. 1994, Budach et al. 1997,
Guo et al. 1998, Juckett et al. 1998, Coca Martin et al. 1999, Akudugu et al.
2000), or even langer (Stuschke et al. 1992, Villa et al. 1994), depending on
the cell type.
1.2.1.1.3 Xenograft Assay
Xenografts are human tumour biopsies transplanted in immune-deficient
animals. The aim of this technique is to mimic the in vivo characteristics in the
donor. Normally, genetically athymic or "nude" mice, or animals in which the
immune response has been suppressed by drugs or whole-body irradiation,
are used for xenografts (Rofstad and Brustad 1981, Selby and Courtenay
1982, Dertinger et al. 1984, Steel et al. 1983). The main strength of this assay
is that human karyotypes are usually maintained.
The shortfalls of the procedure, however, are that the tumour may be rejected
by the recipient or undergo kinetic changes and cell selection. These changes
7
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can lead to significant differences between the responses of the xenografts
and the original tumours. Furthermore, while the histological properties of the
human tumour may be maintained by the xenograft, the stromal tissue is of
mouse origin and this would affect any endpoint that is influenced by the
vascular microenvironment (Mantyla et al. 1982, Zywietz 1990, Zywietz et al.
1995). Although this technique proves to be capable in ranking a variety of
human tumour types in the order of clinical responsiveness, certain tumour
types particularly breast and ovarian tumours have been difficult to graft.
These complexities and difficulties have been adequately addressed by an in
vitro system in which cells are forced to grow in suspension. After each mitosis,
the daughter cells stick to each other to form a spherical lump of cells,
otherwise known as a spheroid (Sutherland et al. 1970, 1971, Yuhas et al.
1978, 1984). Depending on the cell type, a spheroid may mature, with a
diameter of the order of 700 urn, after a fortnight. Spheroids are a suitable
model tumour system since they contain a heterogeneous population of cells.
These systems are simpler, more reproducible, cheaper and easier to
manipulate than xenografts. A spheroid mimics the characteristics of a growing
tumour like cell-to-cell contact and nutritional stress from diffusion limitations,
and even forms central necrosis in the course of time (Sutherland et al. 1986).
The main limitation in using this system is that not all cell types are capable of
forming spheroids in suspension.
8
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1.2.1.2 Micronucleus Assay
The micronucleus concept originated over 130 years ago when Neumann
discovered small rounded structures in the cytoplasm of erythrocytes that
stained like the nucleus (Neumann, 1869). The phenomena which are
responsible for the production of micronuclei have been under investigation for
a long time (Howell 1891, Jolly 1907, Discombe 1948, Brenneke 1937, Thoday
1951, Evans et al. 1959). Mouse and rat embryos (Brenneke, 1937) and Vicia
faba (Thoday, 1951) were introduced into the micronucleus study more
recently.
The idea that micronuclei may reflect cytogenetic damage caused by
irradiation is not new (Boller and Schmid 1970, Heddle 1973). The suggestion
that micronucleus formation may reflect chromosomal damage in lymphocytes
was also introduced in 1976 (Countryman and Heddle 1976). At this time, the
major shortfall of this assay was that it did not distinguish between proliferating
and non-proliferating cells. The assay was revolutionized when cytochalasin B
was introduced. This drug blocks cells in cytokinesis. Cells which have
undergone mitosis can be identified from the appearance of two or more main
nuclei within the same cytoplasm (Fenech and Morley, 1985). Since then,
there has been enormous proliferation of papers on the use of the
micronucleus test as a predictive assay for radiosensitivity and drug toxicity
(Muller and Streffer 1984, 1986, 1991, Tofilon et al. 1989, Wandl et al. 1989,
(J. 5. •
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Masunaga et al. 1990, Shibamoto and Streffer 1991, Ono et al. 1994, Khan et
al. 1998).
Although there is considerable potential for the application of this assay, its
use remains controversial (van Beuningen et al. 1981, Bush and McMillan
1993, Villa et al. 1994, Akudugu et al. 2000). The main strength of the
micronucleus assay is that it is easy to perform, and that cells need not be
clonogenic. It is much faster to perform than the cell survival assay and has
been applied to assess the response of primary tumour cells to radiation and
drugs.
1.2.1.3 Apoptosis Assay
Apoptosis, also referred to as programmed cell death, has been known for
many years (Kerr et al. 1972). The importance of this mode of cell death for
cell survival has been widely illustrated (Radford and Murphy 1994, Radford et
al. 1994, Abend et al. 1995, Mathieu et al. 1996, Guo et al. 1997,1998, Bache
et al. 1997, Olive and Durand 1997). It is widely suggested that apoptotic
propensity could be an indicator for radiosensitivity or drug toxicity. Apoptotic
propensity therefore is of considerable importance. While some cells exhibit a
high apoptotic propensity within hours after irradiation or drug treatment
(Mirkovic et al. 1994, Weil et al. 1996), others express significant levels of
apoptosis only after days (Abend et al. 1995, Guo et al. 1998, 1999). High
apoptotic propensity also may reflect high sensitivity to cytotoxic treatment, but
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a low apoptotic propensity does not necessarily imply high resistance to
cytotoxins (Olive et al. 1996).
Apoptosis is a cellular response to damage which can be detected either by
flow cytometric methods (Ormerod et al. 1993, Olive et al. 1996) or by
microscopy (Falkvoll 1990, Stephens et al. 1991, Meyn et al. 1993, Guo et al.
1998). Gel electrophoresis of the fragmented nucleosome DNA has also been
used to quantify apoptosis (Ramakrishnan et al. 1993). Flow cytometric and
the terminal transferase (TUNEL) techniques tend to be elaborate and
complicated. Assessment of apoptosis by fluorescence microscopy is simple,
reliable and reproducible (Falkvoll 1990, Stephens et al. 1991, Meyn et al.
1993).
1.2.1.4 Damage and Repair Assessment
Damage induced by irradiation or other cytotoxic agents may be classified into
lethal, sublethal and potentially lethal damage. Lethal damage is irreparable
and inevitably leads to cell death. Sublethal damage is reparable under normal
conditions, but can interact with other sublethal lesions to form a lethal
damage. A potentially lethal damage can be modified by changes in the post-
irradiation or drug treatment environmental conditions into a reparable or
irreparable lesion. Certain drugs or suboptimal growth conditions can modify
potentially lethal lesions induced by a cytotoxic agent. Generally, these
categories of damage would manifest as DNA single strand breaks (SSBs) or
double strand breaks (DSBs) and chromosome damage. It has been widely
11
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demonstrated that a strong correlation exists between chromosome damage
and survival (Elkind and Sutton 1960, Carrana 1973, Scott and Zampetti-
Bosseier 1980, Zampetti-Bosseler and Scott 1981, Fornace et al. 1980).
A variety of assays exist for determining the level of DNA and chromosomal
damage and the subsequent repair. These include the alkaline elution filter
technique which is SSB-specific (Kahn et al. 1981, Wlodek and Hittelman
1987) and neutral elution filter assay for DNA double strand breaks (Bradley
and Kahn 1979) Other DNA damage assessment assays are the fluorometric
analysis of DNA unwinding (FADU) (Birnboim and Jevcak 1981, Ogiu et
a1.1992, Dolling et al. 1998) and gel electrophoretic techniques (Smith et al.
1989, Ager et al. 1990, Theron et al. 2000). Damage assessment at the
chromosome level is widely performed by use of premature chromosome
condensation (pee) (Wlodek and Hittelman 1988a, Durante et al. 1998,
Greinert et al. 1999) and fluorescence in situ hybridization (FISH) (Schmid et
al. 1992, Lucas et al. 1992, Lucas 1997, Durante et al. 1997).
The unifying feature of these techniques is that they quantify damaged and
undamaged DNA. This is then used as an indirect signal for predicting
.survival. A cell's ability to retain reproductive integrity is not only related to the
level of damage inflicted, but is also an expression of damage repair (Wlodek
and Hittelman 1988a,b, Roos et al. 2000). The major limitation of repair assays
is the distribution of cells in cell cycle phases. Variations in cell distribution can
produce significant variations in expression of damage, and therefore, render
12
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the prediction of survival unreliable in relation to the amount of residual
damage (Wlodek and Hittelman 1988a,b).
1.2.2 Factors Influencing Cellular Sensitivity to Radiation and Drugs
Some of the factors influencing cellular radiosensitivity and drug sensitivity are
intrinsic properties such as cell kinetics and ploidy, and environmental factors
like bioenergetics, oxygenation, radiation sensitizers and radiation protectors.
Metabolic activity is one of the main factors which influence cellular responses
to damage. Bioenergetic measurements have shown considerable potential in
predicting tumour response (Vaupel et al. 1989, Koutcher et al. 1992).
The significance of oxygen to tumour radiosensitivity became apparent in 1936
(Mottram 1936). After several decades of research, it was concluded that the
radiosensitizing effect of oxygen applies to all types of irradiation, but is
strongly dependent on the radiation energy (Littbrand and Revesz 1969,
Cullen et al. 1980, Whillans and Rauth 1980, Palcic and Skarsgard 1984,
Palcic et al. 1984). More recent studies have demonstrated the crucial
importance of oxygenation in the tumour response (Kallman and Dorie 1986,
Lartigau et al. 1992, Vaupel et al. 1996). Low oxygen tension (hypoxia)
decreases tumour control by irradiation and agents were discovered which
would sensitize cells to irradiation (Parker et al. 1969, Stratford et al. 1984,
Skarsgard et al. 1986, Taylor and Brown 1987, Shibamoto et al. 1987, 1989,
1991, 1992).
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On the other hand, it is clear that normal tissue must be protected from
radiation damage. This has been achieved by such agents like p-
Mercaptoethylamine and WR2721 (Rasey et al. 1984, Utley et al. 1976,
Washburn et al. 1974, Yuhas 1980).
Changes in the bioenergetics and oxygen tension or the presence of
radiosensitizers or radioprotectors therefore would influence the cellular
irradiation response. In the assessment of radiosensitivity or drug toxicity for
any predictive purposes, it would be essential to keep these factors constant.
14
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1.3 THESIS OBJECTIVE
The response of tumours to chemotherapy or radiotherapy is of prime concern
in choosing a treatment modality. In this senario, non-invasive predictive
assays, preferably in vitro, would play a central role. Ideally, such assays
should be tumour and patient specific. This would improve the choice of
treatment and hence improve tumour curability. Predictive assays presently in
operation are based on the following responses: cell survival, DNA repair,
apoptosis and micronucleus formation.
The clonogenic survival assay is generally accepted as the gold standard.
Neither micronucleus formation, apoptosis nor repair assays are capable of
reconstructing reproductive integrity as measured by the colony assay. It has
also been noted that even the widely accepted clonogenic assay does not
always predict clinical outcome (Bush and McMillan 1993, Villa et al. 1994,
Akudugu et al. 2000). Micronucleation, apoptosis and repair are cellular
responses to the induction of DNA damage. These processes ultimately affect
clonogenicity. The interaction between these processes and their influence on
overall cell survival remains largely unresolved. Micronucleus, apoptosis and
repair assays alone cannot adequately reconstruct cell survival. Thus other
unknown processes must play a role (Abend et al. 2000). In fact, no single
predictive assay is universally applicable and great caution must be exercised
in the application of these assays and the interpretation of results.
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In view of these limitations, it was felt that the interaction between repair,
micronucleation, apoptosis and survival needs to be examined. Such
information may help to resolve the current limitations in the use of predictive
assays. Repair assays may require irradiation doses of 10-100 Gy, which are
not clinically relevant. The capacity to repair high dose damage thus may be
irrelevant because radiotherapy operates at a low dose per fraction, typically 2
Gy. Micronucleation and apoptosis assays also have their shortfalls. The
micronucleus assay does not successfully rank cell types according their
sensitivity to drugs and radiation, and its applicability is still a matter of
controversy (van Beuningen et al. 1981, Bush and McMillan 1993, Villa et al.
1994, Akudugu et al. 2000). An understanding of the interrelationship between
micronucleus formation, apoptosis and DNA repair on one hand and cell
survival on the other would lead to a better understanding of the mechanisms
underlying the cellular responses to radiotherapy or chemotherapy. Such
comparative studies could help to explain variations of sensitivities between
patients and cell types. An understanding of the relationship between damage
processing and cell survival would benefit not only radiotherapy and
chemotherapy, but also biodosimetry i.e. radiation accidents and toxicology.
There is thus a critical need of reliably assessing radiosensitivity and relating
repair capacity, apoptosis and chromosome damage (micronucleation) to
radiosensitivity
I have used seven neuroblastoma cell lines and six neuroepithelial cell lines to
test a number of hypotheses on how cell survival, micronucleation, apoptosis
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and repair are interrelated in response to treatment with irradiation and drugs.
This choice of cell lines was motivated by the difficulties in treating head and
neck tumours with radiation, and thus the need to elucidate possible reasons
for the apparent radioresistance using cell lines of glial and neuronal origin.
The hypotheses under consideration are:
a) Micronuclei formation represents the induction of lethal damage and
should directly indicate the net cellular response as given by the
proportion of surviving cells.
b) High linear energy transfer (LET) irradiation is more damaging than low
LET irradiation. Neutrons therefore should induce more micronuclei
than 60Co v-rays, and micronucleus induction with neutrons should be
independent of cell type and origin.
c) Apoprosis is a major route of cell death upon treatment with cytotoxic
agents. It can be expected that cell types which are more susceptible to
micronucleus formation (which is an early signal of damage) express a
higher proportion of apoptosis.
d) If micronuclei formation and apoptosis are the only pathways which lead
to cell death, it should be possible to reconstruct cell survival measured
by the clonogenic assay.
e) Micronucleus formation is a reflection of non-reparable damage. A low
MNF thus represents efficient repair.
17
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f) Apart from assessing radiation damage, the micronucleus assay should
be able to detect damage caused by other cytotoxic agents e.g. drug
toxicity.
18
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CHAPTER 2
MATERIALS AND METHODS
2.1 Chemicals, Drugs and Culture Media
2.1.1 Fixative for Colony Assay
The fixative for the clonogenic assay consists of a mixture of glacial acetic
acid, methanol and water in the ratio of 1:1:8 (v/v/v). When colonies were of
sufficient size for counting, the medium was replaced with fixative after cultures
were washed with 1% phosphate buffered saline (PBS). The cells were fixed
for 30 minutes at room temperature (~22°C).
2.1.2 Staining Solution for Co/any Assay
The colony stain consisted of 0.01% Amido Black, also known as Naphthol
Blue Black, (C22H14N609S2Na2;FW = 616.5) in fixative, i.e. a final concentration
of 0.062 g/l. The fixed cells were stained for 30 minutes at room temperature
(~22°C). The staining solution was then removed and the colonies washed with
PBS and air-dried for counting.
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2.1.3 Fixative for Micronucleus and Apoptosis Assays
Micronucleus and apoptosis cultures were fixed in a mixture of methanol and
glacial acetic acid in the ratio of 3: 1 (v/v). Samples were fixed for 5 minutes at
room temperature (~22°C) and air-dried for staining.
2.1.4 Staining Solution for Micronucleus and Apoptosis Assays
Micronucleation and apoptosis were observed by means of fluorescence
microscopy. The dye used in this study is acridine orange (C17H2oN3CI, FW =
301.8; Sigma, South Africa; structural formula in figure 2.1). Acridine orange is
a fluorochrome which specifically stains nucleic acids showing DNA as green
fluorescence and RNA as red fluorescence.
A stock staining solution consisting of 1.0 mg acridine orange per ml
phosphate buffer (pH = 6.8) can be stored in the dark at 4°C for several
months. The actual staining solution consists of 0.4 ml of stock solution in 40
ml to final concentration is 10 IJ.gacridine orange per ml of buffer. Pre-warming
the stain to 3rC enhances the interchelation of the fluorochrome and
therefore improves image quality during microscopy. The effective staining
time was in the order of 2 minutes. Stained samples were immediately washed
in buffer and mounted on slides for microscopy.
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FIGURE 2.1 Molecular structures of acridine orange, cytochalasin B,
pentoxifylline, N-Iauroyl-sarcosine and azadirachtin A.
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2.1.5 Fixative and Staining Solution for DNA Analysis
Cells were fixed overnight in ice-cold (4°C) 70% ethanol, and stained in 1.0%
PBS containing 0 1% glucose, 50 uq/rnl propidium iodide (PI) and 100 !lg/ml
RNase. The fixed cells were centrifuged at 2000 rpm, resuspended in the
staining solution, covered with tin foil and incubated for 30 minutes at 37°C.
Stock solutions of RNase (1 mg per ml 1.0% PBS) and PI (1 mg per ml 1.0%
PBS) can be stored in the dark at 4°C for several weeks.
2. 1.6 Lysing and Washing Solutions for DNA Repair Assay
Agarose plugs containing cells were submersed in an ice-cold lysing solution
containing 50 mM EDTA, 1% N-Lauroylsarcosine (C1sH29N03; FW = 271.4;
Sigma, South Africa; structure in figure 2.1) and 1 mg/ml proteinase K, and
incubation for 1 hour at 4°C, followed by lysing at 3JDC for 20 hours. The plugs
were then washed five times and stored in 2 ml of 50 mM EDTA solution.
2. 1. 7 Cytochalasin B
Cytochalasin B (C29H37NOs;FW = 479.6; Sigma, South Africa; structure in
figure 2.1) is a cell permeable fungal toxin, which inhibits cell division by
blocking the formation of contractile microfilaments (Fenech and Morley 1985).
It also inhibits glucose transport.
The stock solution consisting of 2 mg of cytochalasin B per ml of
dimethylsulphoxide (DMSO) was stored in liquid nitrogen (-196°C). An aliquot
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of the stock was dissolved in culture medium and added to cultures at a final
concentration of 2 !lg of cytochalasin B per ml of medium.
2.1.8 Pentoxifylline (PENT)
Pentoxifylline (C13H18N403,FW = 278.3; Sigma, South Africa; structure in figure
2.1) inhibits the synthesis of tumour necrosis factor a (Semmler et al. 1993),
and abrogates the G2/M block (Russell et al. 1995, Li et al. 1998). The drug
also inhibits repair and sensitizes cells when present at the time of irradiation
(Theron et al 2000). The stock solution of pentoxifylline, 20 mg/ml, is stable at
4°C for several weeks.
2. 1.9 Azadirachtin A
Azadirachtin A (C3sH44016;FW = 720.7; Sigma, South Africa; structure in figure
2.1) is an isomer of a series of limonoids. It is derived from the seed kernels of
the tropical neem tree, azadirachta indica A. Azadirachtin A is known to affect
growth, reproduction and metamorphosis in insects, and is generally used as
an insecticide (Rembold and Annadurai 1993). The compound was dissolved
in 30% ethanol/water. Azadirachtin A in solution can be stored in the dark at
4°C for several weeks.
2.1.10 Culture Media
Culture media were supplemented with 10% fetal calf serum, 100 !lg/ml
streptomycin and 100 U/ml penicillin. All media were buffered with sodium
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hydrogen carbonate (NaHC03) and the pH adjusted with drops of hydrochloric
acid (HCI) to about 7.02 before sterile filtration. For the glioblastoma cell lines,
the medium was also supplemented with 2.2 ~g/ml sodium pyruvate. Media
were purchased from Sigma (South Africa) and contained L-glutamine.
2.1.10.1 Eag/e's Modified Minimum Essential Medium (EMEM)
This culture medium was obtained by dissolving 9.58 g of EMEM containing
non-essential amino acids and 2 g of NaHC03 in a litre of millipore-filtered
water.
2.1.10.2 Dulbecco's Modified Minimum Essential Medium (oMEM)
13.53 g of OMEM and 3.7 g of NaHC03 were dissolved in a litre of millipore-
filtered water. The medium was then supplemented with 4.50 ~g/ml glucose,
2.2 ~g/ml sodium pyruvate and 0.58 ~g/ml L-glutamine.
2.1.10.3 RPM/-1640 Medium
This medium was obtained by dissolving 10.44 g of RPMI-1640 and 2 g of
NaHC03 in a litre of millipore-filtered water.
2.2 Cell Lines
2.2.1 SK-N-BE(2C) (Passages 2-17)
SK-N-BE(2C) is a human bone marrow neuroblastoma derived from SK-N-
BE(2). SK-N-BE(2) originates from a 22 months old Caucasian male. SK-N-
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BE(2C) grows in continuous culture as monolayer. It exhibits neuroblast-like
and epithelial-like morphology and forms loosely adherent aggregates at
confluence. The cells are piuri-potential with regard to neuronal enzyme
expression and display a high capacity to convert tyrosine to dopamine
(Biedier and Spengler 1976).
2.2.2 SK-N-SH (Passages 2-13)
The SK-N-SH neuroblastoma cell line originates from the bone marrow of a 4
years old Caucasian female and grows in monoclonal continuous culture as
monolayer. It has neuroblast-like or epithelial-like morphology. SK-N-SH is
tumourigenic in nude mice. Special features include biochemical markers,
receptors, chemotherapeutic agents, nucleic acids, neural tissue and
cytotoxicity (Biedier et al. 1973).
2.2.3 SH-SY5Y (Passages 2-15)
SH-SY5Y is derived from SK-N-SH and exhibits mainly epithelial-like
morphology. It also grows as monolayer. Other properties include tumour
markers, chemotherapeutic agents, nucleic acids, neurotransmitter studies,
converts glutamate to GABA and exhibits dopamine-beta-hydroxylase activity
(Biedier et al. 1973, Jalava et al. 1990).
2.2.4 KELL Y (Passages 2-19)
KELLY is a human neuroblastoma with neuroblast-like morphology and grows
in continuous culture as monolayer. The cells possess a genomic amplification
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of the N-myc gene. Special features are protein secretion and N-myc RNA
production (Schwab et al. 1983).
2.2.5 N2a (Passages 20-35)
N2a is a human neuroblastoma cell line, with a neuron-like or amoeboid-like
morphology The cells grow in continuous culture as monolayer. It is derived
from sympathetic cells in the peripheral nervous system. Cells are
tumourigenic in syngeneic animals and produce a microtubular protein
believed to playa role in the contractile system giving axoplasmic flow in nerve
cells. The cell line was purchased from the Highveld Biological Association
(South Africa).
2.2.6 OP-6 (Passages 4-19) and OP-27(Passages 14-27)
OP-6 and OP-27 are mouse neuroblastoma cell lines, and were a gift from
Professor N. Illing of the University of Cape Town, South Africa. The cells grow
in continuous culture as monolayer under the influence of a temperature
sensitive SV40 large T antigen which, when inactivated at 39°C, renders the
cells non-proliferating.
2.2.7 Glioblastoma Cell Lines
The neuroepithelial or glioblastoma cell lines are of human origin and
were kindly donated by Dr. A Giese of University Klinikum Eppendort
(Hamburg, Germany). The tumour promoter gene (TP53) status of these
cell lines is as follows: G-60 (TP53mt), G-28 (TP53mt), G-44 (TP53wt),
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G-120 (TP53wt), G-112 (TP53mt) and G-62 (TP53wt). G-28 is a
gliosarcoma derived from a 67-year-old male (Westphal et al. 1988)
2.3 Culture Maintenance and Cell Storage
Except for the OP-6 and OP-27 cell lines which grow at 33°C, all the other cell
lines were kept at 37°C. N2a, SH-SY5Y and SK-N-BE(2C) were maintained in
RPMI-1640 medium. The KELLY, SK-N-SH and glioblastoma cell lines were
cultured in Eagle's modified minimum essential medium (EMEM). The OP-6
and OP-27 cell lines were cultured in Dulbecco's modified minimum essential
medium (DMEM). All cell lines were incubated in a 5% carbon dioxide
humidified atmosphere in air.
For cryogenic storage, cells were trypsinised, centrifuged and resuspended in
10% dimethylsulphoxide (DMSO) in fetal bovine serum (FBS). The cell
suspension was transferred into clearly marked plastic vials and immediately
quenched in liquid nitrogen (-196°C). Each vial was marked with the name of
the cell line, growth medium, passage number and date of storage. To put cells
back into culture, the frozen cell suspension was resuspended in growth
medium incubated.
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2.4 Irradiation and Drug Treatment
2.4.1 60Co r Irradiation
Cultures were exposed to GOCov-rays at room temperature (~22°C) to graded
doses of 0-10 Gy for the clonogenic assay. Doses of 0-6 Gy were used for the
micronucleus and apoptosis assays. The mean dose rate was 1.21 Gy/min
(1.18-1.29 Gy/min). The field size was 30 x 30 ern" and a vertical beam of SSD
= 80 cm was used. Samples were placed on a 4 cm thick backscatter block
consisting of perspex. The build-up material consisted of 20 mm polyethylene.
For the repair experiments, samples were irradiated (with a 35 x 30 ern" field,
SSD « 45 cm) without build-up in ice-cold minimum essential medium (MEM)
containing 2% HEPES buffer. Samples were exposed to doses ranging from 0-
100 Gy at a dose rate of 2.92 Gy/min (2.35-3.18 Gy/min).
2.4.2 p(66/Be+) Neutron Irradiation
Neutron irradiation was from a vertical beam directed downwards. Cell cultures
were placed in a 29 x 29 ern" field (SSD = 150 cm) on a 15 cm backscatter
block of perspex. Cultures were irradiated at a dose rate of 0.5 Gy/min to
doses of 0.5 - 2.5 Gy and 0.5 - 5.0 Gy for micronucleus and colony assays,
respectively. The build-up material consisted of 20 mm polyethylene.
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2.4.3 Azadirachtin A Treatment
3-4 hours after plating and when the plated cells had attached, azadirachtin A
was added to cultures at a concentration of 20 !lg per ml of medium. After 24
hours incubation, the medium was changed. For the micronucleus assay, the
fresh medium was treated with cytochalasin B.
2.4.4 Pentoxify//ine Treatment
The effect of pentoxifylline on clonagenicity was investigated. 18 hours after 4
Gy 60CO y-irradiation, cultures were treated with pentoxifylline to a final
concentration of 556 ~lg per ml of medium. The drug was removed by a change
of medium 24 hours later. For micronucleation, a change of medium was not
necessary since the cultures were terminated 40 hours after irradiation.
2.5 Cell Survival Assay
Cell survival was determined by the colony assay in response to p(66/Be+)
neutron and 60Coy-irradiation and upon treatment with azadirachtin (glioma cell
lines). Single-cell suspensions (1-20x103 cells per flask, adjusted for dose
level) were plated into 25 ern" culture flasks, incubated for 4 hours and
irradiated or treated with azadirachtin. After growing for 8-12 days, colonies
were fixed, stained, air-dried and counted. A minimum of three independent
experiments were performed for each cell line. The mean surviving fractions
were fitted to the linear-quadratic (L-Q) model to generate the survival curves.
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Data for azadirachtin and pentoxifylline experiments were presented as
histograms.
2.6 Micronucleus Assay
Cell lines were prepared for nuclear observation as described elsewhere (Dna
et al. 1994). Exponentially growing cells were trypsinised into single-cell
suspensions and plated (1-3x1 04 cells per plate) into 35 mm plastic petri dishes
(Corning, New York) each containing a 22 mm glass coverslip (Chance
Propper, England) to a final medium volume of 2 ml.
After cells were attached, the samples were irradiated with 60Co v-rays or
p(66/Be +) neutrons or treated with azadirachtin. Of the 13 cell lines, G-120,
G60, G-28, G-44, G-62, G-112, SK-N-SH and KELLY cell lines were irradiated
with neutrons. Only the glioblastoma cell lines were treated with azadirachtin A.
Immediately after the irradiation or drug treatment, and not later than 30
minutes, cultures were treated with cytochalasin B.
To determine the incubation period for the expression of the highest yield of
binucleated cells (proportion of observed cells containing two main nuclei),
cultures were were terminated at 8-hour intervals, fixed, air-dried, stained and
the coverslips mounted on glass microscope slides for fluorescence
microscopy Maximum binucleation occurred after 1 day in OP-6 and OP-27
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and 2 days in the human cell lines. Subsequent experiments were stopped
after 24 hours for OP-6 and OP-27 and 40 hours for the human cell lines.
At least 200 binucleated cells were evaluated per dose point and experiment
and a minimum of three independent experiments were performed for each cell
line. Micronuclei were scored according to the criteria of ana et al (1994). See
also figure 2.2. The susceptibility of a cell line to the induction of micronuclei
was expressed by the micronuclei frequency (MNF) or the micronucleation
index. MNF was expressed as the mean (± SO) number of micronuclei (MN) per
binucleated cell (BNC) Micronucleation index was defined as the proportion of
binucleated cells containing at least a micronucleus.
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Figure 2.2 A binucleated cell of the N2a line with five micronuclei following a
4 Gy 6OCO Y irradiation.
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2.7 Determination of the Normal Nuclear Division Fraction
(NNDF) and the Mitotic Index (MI)
The normal nuclear division fraction (NNDF) represents the fraction of
cytokinesis-block binucleated cells that do not contain micronuclei can be
considered as representative of the mitotic fraction (ana et al. 1994). In fact,
the NNDF decreases exponentially with increasing radiation dose. The
similarity in dose-response of NNDF and clonogenic survival suggests that
NNDF may be a suitable indication of radiosensitivity.
The number of mononucleated and binucleated cells were scored concurrently
with the assessment for the expression of micronuclei in each cell line in the
neutron/cobalt, pentoxifylline and azadirachtin experiments. Binucleation
indices (fractions of binucleated cells) in unirradiated cultures were established
for each cell line. Dose-response curves for the NNDF were generated for the
neutron/cobalt experiments. Since an insignificant proportion of cells contained
more than two main nuclei, the mitotic index (MI) was expressed as the fraction
of binucleated cells observed for the pentoxifylline and azadirachtin
experiments. The data were presented as histograms. The mitotic suppression
factor (MSF), the degree to which irradiation or toxins decrease the mitotic
index, was then calculated as the ratio of binucleation in treated to non-treated
samples.
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2.8 Relative Biological Effectiveness (RBE)
For each of the cell lines used in the neutron/cobalt experiments, the RBEs
were calculated from the cell inactivation parameters as follows: a) the ratio of
the surviving fraction at 2 Gy, RBEsF2 = SF2/SF2n; b) the ratio of the u-
coefficients, RBEa = un/ay; c) the ratio of the aI~-ratios, RBEaJ13 = (aI~)/{um)n; d)
the ratio of the mean inactivation doses, RBEo = D/Dn; and e) the ratio of the
areas under the NNDF-dose response curves, RBENDF = (NDFy)/(NDFn). rand
n denote GOCoy- and p(66/Be+) neutron-irradiation, respectively.
2.9 Apoptosis Assay
The culturing procedure was as described for the micronucleus assay, except
that cultures were not incubated with cytochalasin B after GOCoy-irradiation, and
then prepared for fluorescence microscopy. The cell lines used in this assay
were SK-N-SH, KELLY, G-120, G-60, G-28, G-44 and G-62. Apoptotic cells
were scored according to criteria described elsewhere (Mirkovic et al. 1994, Hu
and Hill 1996, Weil et al. 1996). These included either cells with picnotic,
fragmented or crescent-shaped nuclei, overall shrinkage or membrane-bound
bodies containing pienotie nuclei that were smaller than the normal surrounding
nuclei.
Three independent experiments were performed for each data point, and at
least 500 cells were counted per experiment. The frequency of apoptotic events
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(FaD) was expressed as the mean (±SD) ratio of apoptotic cells to the total
number of cells scored.
2.10 Determination of Cell Death via Other Pathways from
Micronucleus and Apoptotic Data
The fraction of apoptotic cells increases rapidly with dose and reaches a
plateau at higher doses (Mirkovic et al. 1994, Ling et al. 1994, Weil et al.
1996). However, in this study and for doses up to 6 Gy, the apoptotic
propensity, FaD, varied linearly with irradiation dose and is given by the
expression:
Fao = ~ 0 (1)
where 0 is the dose and ~ is the coefficient for cell inactivation via apoptosis. It
was also found that micronucleation varied with dose as follows:
Fmo = Fm[1 - exp( -JlD)] (2)
where Jl is the coefficient for induction of micronuclei in binucleated cells and
Fm is the maximum achievable fraction of micronucleated cells. The apoptotic
and micronucleation data were corrected for background and fitted to equation
1 and 2, respectively, to derive the values of Fm, Jl and ~ for each cell line.
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Fao and Fmo represent the probability of cell inactivation via apoptosis and
micronucleus formation, respectively. If apoptosis and micronucleation were
the only modes of lethal damage, the corresponding survival probability (SFMA)
of a cell population would be:
(3).
PMA is the probability of inactivation through micronucleation or apoptosis (PMA
= Fao + Fmo). Here, the two events are considered as independent events
since the assessment of micronucleation is made after only one post
irradiation division whereas apoptosis is scored at a much later time point.
SFCOL is defined as the survival probability determined by the colony assay.
SFMA/SFcOL ratios were found to be dose-dependent and differ significantly
from 1.0 (Table 3.3). The disparity between SFMA and SFCOL is thought to be
due to cell death via other events like small deletions, misrepair, chromosome
aberrations and late apoptosis. Therefore, the clonogenic survival can be
represented by the expression:
SFCOL = 1- (PMA + Paa) (4)
where Poe is the probability of cell death via other event that are undetectable
at the 40-hour time point. The probability of reproductive failure in this time
frame would be given by:
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P == I-SF -P
oe COL MA
(5).
2.11 Determination of DNA Index
The distribution of the DNA content was determined by flow cytometry, as
described elsewhere (Hu and Hill 1996, Lee et al. 1997). Exponentially
growing unirradiated cells were washed in PBS, trypsinised, centrifuged
at 2000 rpm and resuspended in fixative.
For DNA analysis, the cells previously fixed in a mixture of PBS and 70%
ethanol in the ratio of 1:10 (v/v) were centrifuged, washed with PBS and
resuspended in staining solution. The final cell density was about 2 x 106
per ml. Stained cells were analysed within four hours in a Becton
Dickinson FACScan flow cytometer.
The distribution of the DNA content in each cell cycle phase was scored
in samples of 10,000 cells per aliquot and was quantified using the
CELLFIT software program. The DNA content of all cell lines was
expressed in terms of the DNA index (DI), defined as the ratio of the G1
peak to that of peripheral blood lymphocytes (PBL) which were stained
and analysed concurrently. Murine and human PBL were used as internal
standards for the murine and human cell lines, respectively.
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2.12 DNA Repair Assay
The quantity of DNA double strand break damage was determined by
constant-field gel electrophoresis (CFGE) as described elsewhere (Theron et
al. 2000). Briefly, G-28, G-120 and G-60 cells were trypsinised from confluent
cultures and resuspended in a 0.5% low melting agarase solution. Aliquots of
30 ul, containing ~0.5 x 105 cells, were placed into each well of a disposable
plug mold (BioRad), and allowed to solidify at 4°C for 45 minutes. The plugs
were irradiated and samples for the determination of initial damage were
immediately submitted to subsequent lysing and washing steps. Samples for
determining residual damage were incubated at 37°C in growth medium for
periods of 2 and 20 hours prior to lysing and washing. The rationale for using
cell lines of the same origin is to eliminate cell-type specificity so that
differences in repair capacity would be mainly due to cellular differences in
rad iosensitivity.
The washed plugs were then loaded into a 20 x 20 ern" 0.6% agarase gel and
run in 0.5 x TBE buffer for 30 hours at a constant field strength of 1.2 V/cm.
Gels were stained with ethidium bromide (0.5 f.lg/ml in 0.5 x TBE buffer) and
subjected to fluorametrie analysis with aGeneSnap (VacuTec) image analysis
system. Three independent experiments were performed for each cell line. The
fraction of DNA released from the plug (Frei) was obtained from the equation:
Frei = flrel/(flplug+flrel),where flrel and flplugare the fluorescence measured in the
lane and in the plug, respectively. Unirradiated samples were used as sample
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subsets to subtract background fluorescence caused by non-specific DNA
degradation.
Dose response curves were obtained by plotting Frei as a function of dose,
representing initial damage (0 hour), residual damage (2 hours) and residual
damage (20 hours). Since data could not be fitted by linear regression, data
points were connected and the area under the curve (AUC) was calculated for
each curve in GraphPad Prism (GraphPad Software, San Diego, USA)
computer program.
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CHAPTER 3
RESULTS
3.1 THE MICRONUCLEUS ASSAY AS A PREDICTIVE TOOL FOR
CEllULAR RADIOSENSITIVITY
3.1.1 Interrelationship between Clonogenic Survival and Radiation-
InducedMicronucleiYield
The cellular radiosensitivity expressed in terms of the surviving fraction at 2 Gy
of GOCoy-irradiation (SF2y) was determined by clonogenic survival. The survival
curves for the 7 neuroblastoma and 6 neuroepithelial cell lines are shown in
figure 3.1. SF2y values were obtained from the mean survival data fitted to the
linear-quadratic (l-Q) model. The SF2y values varied from 0.20 to 0.75. The
cell inactivation parameters are summarised in table 3.1. The cell lines G-44,
G-112, G-120, G-62, G-28 and N2a are deemed radioresistant because the
SF2y exceeded 0.60. OP-27, SK-N-SH, SH-SY5Y and KEllY cells display an
SF2y smaller than 0.35 and are deemed radiosensitive. The SF2y values for the
OP-6, SK-N-BE(2C) and G-60 cells were found to be 0.57, 0.54 and 0.43
respectively, and fall into an intermediate category of radiosensitivity.
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FIGURE 3.1 Clonogenic survival curves for 7 neuroblastoma and 6
neuroepithelial (G-) cell lines after 60Co y-irradiation.
Symbols represent the mean (± SO) surviving fraction
from three separate experiments. Standard deviations
are not transformed into a logarithmic scale. Survival
curves were obtained by fitting experimental data to
the L-Q model.
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FIGURE 3.2 The micronuclei frequency (number of micronuclei per
binucleated cell) as a function of irradiation dose (60Co y-
irradiation) in 7 neuroblastoma and 6 neuroepithelial (G-)
cell lines. Symbols represent the mean (± SO)
micronuclei frequency from three independent
experiments, after subtraction of MN frequency at 0 Gy.
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With the exception of the SH-SY5Y cell line, which does not respond to
radiation-induced micronuclei formation, all cell lines show a linear relationship
between radiation dose and micronuclei frequency (Figure 3.2). The MN
frequency was expressed as the number of micronuclei per binucleated cell
after subtraction of the MN frequency at 0 Gy. The slopes of the regression
lines range from 0.04 to 0.36 MNF per Gy (Table 3.1). The regression
coefficients vary between 0.94 to 1.00 (P ~ 0.005) and emerge as highly
significant. Four of the six radioresistant cell lines (G-44, G-120, G-28 and
N2a) show steep regressions with slope exceeding 0.30 MNF per Gy. Two of
the radiosensitive cell lines (OP-27 and SK-N-SH) produce shallow regressions
with a slope smaller than 0.10 MNF per Gy.
It was therefore suspected that the response to micronuclei formation may be
related to the number of lethal lesions which, for any given dose, would be
higher in radiosensitive cells than in radioresistant cells. The number of lethal
lesions induced by GOCoy-irradiation (- In SFy) can be calculated from the
surviving fraction, derived from the L-Q fit as described elsewhere (Bush and
McMillan 1993, Villa et al. 1994). When the MN frequency for each dose point
is plotted as a function of the number of lethal lesions, a strong linear
correlation emerges in all the twelve cell lines (Figure 3.3). The slopes vary
from 0.05 to 2.79 and the correlation coefficients range from 0.91 to 0.99 (P <
0.05). Although the slopes of the regressions do not rank the cell lines
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according to radiosensitivity, most of the more radioresistant cell lines show a
greater susceptibility to MN formation than the radiosensitive cell lines (Table
3.1). In the radiosensitive KELLY, OP-27 and SK-N-SH cell lines a single lethal
lesion requires between 0.05 and 0.23 micronuclei. A lethal lesion in the
radioresistant G-44, G-112, G-120, G-62, G-28 and N2a cell lines, however,
equates to between 0.43 and 2.79 micronuclei.
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FIFURE 3.3 Correlation between MN frequency (number of micronuclei
per binucleated cell) and the number of lethal lesions (-In
SFy) in for 7 neuroblastoma and 6 neuroepithelial (G-) cell
lines. The number of lethal lesions were calculated from the
mean surviving fraction upon soCa y-irradiation (data points
from figure 3.1 ).
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Since each cell line shows a good linear correlation between MN frequency
and dose, it was thought that a reasonable correlation might exist between the
surviving fraction at 2 Gy (SF2y) or the mean inactivation dose (Dy) and the MN
frequency at 2 Gy (MNF2y). The Dy values represent the areas under the
survival curves in figure 3.4 (SF plotted on a linear scale). When the SF2y
values, derived from the L-Q fit, were plotted as a function of MNF2y calculated
from the MN frequency-dose regression in figure 3.5, it was found that in two
groups of cell lines (i.e. OP-6, SK-N-BE(2C), G-112, G-62, N2a and G-28 and
in G-120, G-60, OP-27, KELLY and SK-N-SH) the MNF2y increased with
irradiation resistance. Restricting this analysis to another group of cell lines
(i.e. OP-6, SK-N-BE(2C), G-112, G-62, G-44 and G-120) produced no
meaningful correlation between MN formation and radiosensivity. A plot of Dy
as a function of MNF2y produces a week correlation with ~ = 0.39 and P = 0.02
(Figure 3.6). The correlation between the expression of micronuclei and
radiosensitivity was also investigated by plotting the (alP)y ratio as a function of
MNF per Gy (the slope of the micronuclei frequency-dose response curve) for
each cell line (Figure 3.7). No significant correlation was found to exist
between cellular susceptibility to micronuclei formation and radiosensitivity as
determined by the (alP)y ratio (~ = 0.16, P = 0.17).
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Clonogenic survival curves for for 7 neuroblastoma and
6 neuroepithelial (G-) cell lines after sOCoy irradiation.
Symbols represent the mean (± SO) surviving fraction
from three separate experiments. Survival curves were
plotted on a linear-linear scale. The area under each
curve represents the mean inactivation dose (Dy).
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TABLE 3.1
Summary of cell inactivation parameters for for 7 neuroblastoma and 6
neuroepithelial (G-) cell lines determined by the clonogenic and micronucleus
assays. Parameters were derived after cells were exposed to sOCoy-irradiation.
Cell line SF2r MNF2r ar flr Dr MNF MNF per
(Gy·1) (Gy·2) (Gy) perGy -In SFr
G-44 0.63 0.69 0.18 0.03 3.15 0.36 0.99
G-112 0.63 0.42 0.21 0.01 3.47 0.24 0.96
G-120 0.60 0.87 0.18 0.04 2.89 0.35 0.89
G-62 0.59 0.45 0.20 0.03 3.23 0.20 0.43
G-28 0.69 0.68 0.15 0.02 4.01 0.36 1.46
G-60 0.43 0.48 0.37 0.02 2.38 0.23 0.38
N2a 0.75 0.63 0.15 0.01 5.78 0.33 2.79
OP-6 0.57 0.21 0.24 0.02 2.88 0.10 0.27
OP-27 0.27 0.15 0.66 0.01 1.23 0.08 0.15
SK-N-BE(2C) 0.54 0.24 0.24 0.03 2.5 0.13 0.30
SK-N-SH 0.25 0.10 0.66 0.02 1.11 0.04 0.05
KELLY 0.20 0.38 0.77 0.01 1.24 0.20 0.23
SH-SY5Y 0.32 0.01 0.54 0.02 1.85 0.00 0.00
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FIGURE 3.5 Relationship between GOCoy-irradiation induced micronuclei
frequency at 2 Gy (MNF2y) and surviving fraction at 2 Gy (SF2y)
derived from data in figure 3.1 and figure 3.2, respectively. In
the groups (G-44, G-120, G-60, OP-27, KELLY, SK-N-SH) and
(G-112, G-62, G-28, N2a, OP-6) MN formation increases
linearly with radiosensitivity, while no significant correlation
exists between MN frequency and radiosensitivity in the group
consisting of G-44, G-112, G-120, G-62, G-28, SK-N-BE(2C}
and OP-6 cell lines.
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FIGURE 3.6 Plot of micronuclei frequency at 2 Gy of soCa y-
irradiation as a function of mean inactivation dose in for
7 neuroblastoma and 6 neuroepithelial (G-) cell lines.
MNF2y and the mean inactivation dose were calculated
from figures 3.2 and 3.4, respectively.
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FIGURE 3.7 Plot of alf3 ratios as a function of micronuclei frequency
per Gy of 60Coy-irradiation in for 7 neuroblastoma and 6
neuroepithelial (G-) cell lines. The alf3 ratios were
derived from figure 3.1. The micronuclei frequency per
Gy represents the slopes of the micronuclei frequency-
dose response regressions in figure 3.2.
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The cellular DNA content was derived from the histograms in figure 3.8 by
comparing the G1-peaks of cell lines with the Grpeaks of mouse and human
lymphocytes. Figure 3.9 shows that the DNA index is poorly correlated with
SF2y and MNF2y. The correlation coefficient for DNA index and SF2y was found
to be 0.36 (P = 0.25). The correlation coefficient for DNA index and MNF2y was
0.33 (P = 0.30). Figure 3.10 shows an even poorer correlation between DNA
index and the mean inactivation dose (~ = 0.01, P = 0.74). Similarly, no
significant correlation exists (~ = 0.19, P = 0.15) between DNA content and the
a-coefficient of cell inactivation (Figure 3.11). Figure 3.12 shows the variation
of the (o/B), ratio with DNA content. A very weak correlation (~ = 0.01, P =
0.78) exists when 12 cell lines are considered (Figure 3.12A). Interestingly, a
significant correlation is apparent when the data for KELLY and OP-27 are
omitted showing that increase of DNA index correlates with decrease of (aI~)y
ratio (r2 = 0.78, P = 0.0008, Figure 3.128).
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FIGURE 3.8 DNA profiles for for 7 neuroblastoma and 6
neuroepithelial (G-) cell lines. Ploidy is determined by
comparing the position of the G1 peak of each cell line
to that of lymphocytes (mouse lymphocytes versus OP-
6 and OP-27; human lymphocytes versus G-28, G-44,
G-62 G-120 G-112 G-60 SH-SY5Y SK-N-SH SK-N-1 , I 1 , 1
BE(2C), N2a and KELLY.
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FIGURE 3.9 Correlation between DNA index and radiosensitivity
(SF2y) and between DNA index and micronuclei
frequency (MNF2y) for for 7 neuroblastoma and 6
neuroepithelial (G-) cell lines. ~------~: DNA index
versus MNF2y (~ = 0.11, P = 0.30), • .: DNA index
versus SF2y (~ = 0.13, P = 0.25).
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FIGURE 3.10 A plot of the mean inactivation dose (Dy) upon 60co y-
irradiation as a function of cellular DNA content in for
7 neuroblastoma and 6 neuroepithelial (G-) cell lines.
The Dy values were derived from figure 3.4, while the
DNA index was determined from the histograms in
figure 3.8.
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FIGURE 3.11 A plot of the a-coefficient of cell inactivation (ny) upon GOco
y-irradiation as a function of cellular DNA content in 7
neuroblastoma and 6 neuroepithelial (G-) cell lines. The
DNA index was determined from the histograms in figure
3.8. The ny values were calculated from survival curves
fitted to the L-Q model.
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FIGURE 3.12 The relationship between the GOCoy-irradiation
inactivation parameter (aI~}y ratio as a function of
cellular DNA content in: A) 13 cell lines and B) 11 cell
lines. The DNA index was determined from the
histograms in figure 3.8. The am-values were
calculated from the survival curves fitted to the L-Q
model in figure 3.1.
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3.1.2 The Effect of Linear Energy Transfer (LET) on the Relationship
Between Micronucleation and Cell Survival
High linear energy transfer (LET) p(66/Be+) neutrons are expected to be more
potent in the induction of chromosomal damage than low LET y-rays. Figure
3.13 demonstrates that there is indeed a steeper micronuclei frequency-dose
response for neutron irradiation than for 60Coy-irradiation. The efficiency of y-
rays and neutrons to induce micronuclei in these cell lines range from 0.04-
0.36 micronuclei per Gy and 0.18-1.59 micronuclei per Gy, respectively.
Neutrons are therefore found to be 3.8 (1.8 to 5.5)-fold more potent than y-rays
in inducting micronuclei. Micronuclei formation induced by neutron irradiation
varied widely between cell lines. A wide range of the neutron response
between cell lines demonstrates that no correlation exists between
micronucleation and radiosensitivity. Figure 3.14 also shows that the photon
and neutron responses were not correlated (r = 0.19, P = 0.40). The eight cell
lines fell into three different groups. The SK-N-SH cell line (SF = 0.25) shows a
very weak tendency to form micronuclei after neutron and gamma irradiation.
In the G-60 (SF2 = 0.43), G-62 (SF2 = 0.59), KELLY (SF2 = 0.20) and G-112
(SF2 = 0.63) cell lines where micronucleation is low and in a narrow range, the
neutron induced micronucleation varies widely from 0.50 - 1.31 MN per Gy.
Within this group of cell lines, increase of the photon induced MNF was
associated with a linear increase of the neutron induced micronucleation (r =
0.90, P = 0.05). In the moderately photon-resistant cell lines (G-44, SF2 =
0.63; G-28, SF2 = 0.69; G-120, SF2 = 0.60), there was an even wider spread
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of the neutron micronuclei frequency of 0.63 - 1.59 MN per Gy, giving a
correlation coefficient of 0.74 (P = 0.47). The micronuclei frequency response
of these 3 cell lines to y-irradiation was essentially similar.
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FIGURE 3.13 Micronuclei frequency-dose response in 2
neuroblastoma (KELLY and SK-N-SH) and 6
neuroepithelial (G-) cell lines upon GOCoy-irradiation
(--) and p(66/Be+) neutron irradiation ( ).
Symbols represent the mean (± SO) of three
independent experiments.
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FIGURE 3.14 Correlation between p(66/Be+) neutron and 60Co y-
induced micronuclei formation in 2 neuroblastoma
(KELLY and SK-N-SH) and 6 neuroepithelial (G-) cell
lines. Symbols represent the slope of the micronuclei
frequency-dose response regressions in figure 3.13.
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3.1.3 Determination of Relative Biological Effectiveness (RBE) by the
Micronucleus Assay.
Figure 3.15 shows the cell survival curves following neutron and y-irradiation
from which the mean inactivation doses are calculated. The mean inactivation
dose is calculated for doses ranging from 0-5 Gy. A summary of the cell
survival parameters is presented in table 3.2.
The dose dependence of the normal nuclear division fraction (NNDF) for
neutron and y-irradiation is shown in figure 3.16. Neutron irradiation induces
more chromosomal damage and, therefore, produces lower numbers of cells
without micronuclei as indicated by the rapid fall of NNDF with irradiation dose.
In analogy to the mean inactivation dose, D, the areas under the NNDF-dose
response curves were represented by NDF and are presented in table 3.2 for
the dose range 0-2 Gy.
The relative biological effectiveness, calculated from cell survival and
micronucleation parameters, are plotted as functions of radiosensitivity
expressed in terms of the photon mean inactivation dose is shown in figure
3.17. A moderate correlation exists between RBEsF2 (( = 0.61, P = 0.07) and
RBEa (( = 0.55, P = 0.09) and D. Relative biological effectiveness derived
from NDF shows a very poor correlation with D (( = 0.01, P = 0.84). RBEs
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obtained from aI~-ratios and D-values show significant correlations with D,
with ~ = 0.85 (P = 0.009) and ~ = 0.84 (P = 0.01), respectively. In the G-28, G-
112, SK-N-SH and G-120 cell lines, RBEs derived from all five inactivation
parameters show a wide variability. RBEs calculated from SF2, a-coefficients,
D and NDF are not significantly different in the KELLY cell line. In the G-44 cell
line, RBEs from D and NDF are similar. No significant difference exists
between RBEs derived from SF2, D and NDF for G-60. In the G-62 cell line,
there is no significant difference in RBE values obtained from all five
inactivation parameters.
63
Stellenbosch University http://scholar.sun.ac.za
1.0
c
0 • G-28~ • G-620 y G-60cas..... • G-44!l+- • G-120
Cl 0.5 A G-112C [] KELLY
·5 <> SK-N-SH
·5
s.....
:::J
en
2 4 6
Dose (Gy)
FIGURE 3.15 Linear plot of cell survival in response to p(66/Be+)
neutron (-----) and sOCo y (--) irradiation in 2
neuroblastoma (KELLY and SK-N-SH) and 6
neuroepithelial (G-) cell lines. Symbols represent the
mean (± SD) surviving fraction for three independent
experiments. The area under each curve represents
the mean inactivation dose, D.
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FIGURE 3.16 Dependence of the normal nuclear division fraction
(NNOF) upon p(66/Be+) neutron (-----) and 60Co y (--)
irradiation in 2 neuroblastoma (KELLY and SK-N-SH) and
6 neuroepithelial (G-) cell lines. Symbols represent the
mean (± SO) NNOF from three independent experiments.
NOF represents the area under each curve.
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TABLE 3.2
Cell inactivation parameters for 2 neuroblastoma (KELLY and SK-N-SH) and 6
neuroepithelial (G-) cell lines. SF2, a, alP and D are derived from clonogenic
survival data. NDF represents the area under the normal nuclear division
fraction-dose response curves. y and n denote GOCoy- and p(66/Be +) neutron-
irradiation, respectively.
Cell SF2y SF2n ay an (0./13 )y (0./13 )n Dy Dn NDFy NDFn
line (Gy·2) (Gy·2) (Gy·1) (Gy·1) (Gy) (Gy) (Gy) (Gy)
G-28 0.69 0.16 0.15 0.90 10.20 107.93 3.21 1.16 1.33 0.90
G-62 0.59 0.30 0.20 0.38 5.90 3.36 2.94 1.55 1.45 1.07
G-120 0.60 0.26 0.18 0.68 4.81 101.23 2.59 1.38 1.19 1.20
G-44 0.63 0.26 0.18 0.53 6.43 6.98 2.74 1.40 1.34 0.56
G-60 0.43 0.21 0.37 0.41 16.31 2.13 2.25 1.25 1.46 0.85
KELLY 0.20 0.18 0.77 0.59 54.10 4.53 1.25 1.22 1.66 1.20
G-112 0.63 0.13 0.27 0.81 9.00 40.50 2.79 1.14 1.49 0.82
SK-N-SH 0.25 0.02 0.46 2.11 7.67 42.20 1.52 0.63 1.85 1.67
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FIGURE 3.17 Interrelationship between the relative biological
effectiveness (RBE) calculated from the following cell
inactivation parameters: SF2 (.), a-coefficient (... ), alf3 ratio
(T), 0 (+) and NDF (.) and the photon mean inactivation
dose Dy for 2 neuroblastoma (KELLY and SK-N-SH) and 6
neuroepithelial (G-)celilines.
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3.2 RADIATION-INDUCED CELL SURVIVAL, MICRONUCLEATION AND
APOPTOSIS
3.2.1 Micronucleation and Apoptosis
Figure 3.18 shows the dose-response of the fraction of binucleated cells
containing micronuclei and the apoptotic fraction in 2 neuroblastoma and 5
neuroepithelial cell lines. For doses from 0-6 Gy, micronucleation is
adequately defined by an exponential function of dose (0.93 :::;R2 :::; 0.99).
Figure 3.18 also shows that in the same dose range, the apoptotic propensity
in the seven cell lines is linearly related to dose (0.90 :::;~ :::;0.99; 0.0001 :::;P:::;
0.014). The P-values were obtained from two-sided tests.
The interrelationship between micronucleation and apoptosis was tested by
plotting the fraction of micronucleated BNC as a function of apoptotic
propensity (Figure 3.19). In the dose range 0-6 Gy, micronucleation varies as
an exponential function of apoptosis (0.95 :::; R2 s 0.99). Micronucleation
increases rapidly with apoptosis and reaches a maximum value as the
irradiation dose increases.
3.2.2 Radiosensitivity and Apoptosis
The coefficient for inactivation via apoptosis after sOCo y-irradiation ~,
represented by the regression slopes in figure 3.17, varies from 0.01 to 0.03
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(0.02 ± 0.01) per Gy (Table 3.3). With the exception of G-62 and G-60 cell
lines, all the other cell lines exhibit the same ~-value. In the seven cell lines,
no meaningful correlation exists between cellular susceptibility to radiation-
induced apoptosis and radiosensitivity.
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FIGURE 3.18 Proportion of micronucleated binucleated cells plotted
as a function of 60Coy-irradiation dose (Upper panel).
Measured data (mean ± SO), corrected for background
micronucleation, were fitted to the function, FmD =
Fm[1 -exp(-!l'yO)]. Fraction of apoptotic cells plotted as
a function of 60Co y-irradiation dose (Lower panel).
Pooled experimental data (mean ± SO), corrected for
background apoptosis were fitted to the regression,
FaD = aD.
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FIGURE 3.19 Fraction of micronucleated binucleated cells plotted as a
function of apoptotic propensity in 2 neuroblastoma (KELLY
and SK-N-SH) and 5 neuroepithelial (G-) cell lines. Each data
point represents the relationship between induction of
micronuclei and apoptosis for doses of sOCo y-irradiation
ranging from 0-6 Gy.
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TABLE 3.3
The ratio of cell survival derived from micronucleation and apoptosis (SFMA) to
cell survival by colony formation (SFcoL) as a function of 60Co y-irradiation
dose in 2 neuroblastoma (KELLY and SK-N-SH) and 5 neuroepithelial (G-) cell
lines. The coefficients for induction of micronuclei and apoptosis are
represented by I-Lr and ~, respectively. The maximum binucleation indices for
unirradiated (0 Gy) and irradiated (4 Gy) samples, after 40 hours of incubation
with cytochalasin B, are denoted with ~o and ~4, respectively.
(SFMA)/SFcOL
G-44 G-120 G-62 G-28 G-60 KELLY SK-N-SH
Dose Po=O.84±O.OI Po=O.49±O.Ol po=O.35±O.02 Po=O.76±O.02 po=O.70±O.07 Po=O.41±O.05 Po=O.28±O.07
(Gy) P4=O.71±O.02 P4=O.14±O.Ol P4=O.12±O.03 P4=O.74±O.O 1 P4=O.28±O.02 P4=O.13±O.08 P4=O.12±O.02
J.Ly=O.31±O.07 J.Ly=O.69±O.03 J.Ly=O.45±O.07 J.Ly=O.29±O.07 J.Ly=O.29±O.02 J.Ly=O.20±O.07 J.Ly=O.47±O.19
1;=O.O16±O.OO2 1;=O.O18±O.OO3 1;=O.OO9±O.OO1 1;=O.O22±O.OO2 1;=O.O30±0.OO3 1;=O.O17±O.OO1 1;=O.O17±O.OO1
SF2y=O.63 SF2y=O.60 SF2y=O.59 SF2y=O.69 SF2y=O.43 SF2y=O.20 SF2y=O.25
0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.5 0.96 0.87 0.99 0.95 1.07 1.35 1.34
1.0 0.93 0.78 1.01 0.92 1.16 1.83 1.82
2.0 0.94 0.73 1.13 0.89 1.42 3.45 3.39
4.0 1.11 1.05 1.95 0.89 2.40 12.78 14.60
6.0 1.54 2.22 4.89 0.93 4.26 50.00 71.11
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3.2.3 Radiosensitivity and Micronucleation
Figure 3.20 shows that micronucleation does not rank the cell lines according
to radiosensitivity. The coefficient of cell inactivation via micronucleation, J..Lr,
varies significantly from 0.20 ± 0.07 to 0.69 ± 0.03 per Gy. The
interrelationship between the micronucleus formation and radiosensitivity was
tested using cell survival at 2 Gy (SF2y), mean inactivation dose (Dy), a-
coefficient and (a/P}y ratio.
As illustrated in figures 3.20 and 3.21, there is no significant correlation
between the coefficient of micronucleus formation, J..Lr, and any of the
parameters of cellular radiosensitivity. For SF2y, Dy, and (alP}y the regression
characteristics are r = 0.07; P = 0.58, r = 0.04; P = 0.68 and r = 0.26; P =
0.25, respectively. Since micronuclei are an expression of DNA damage, it
was suspected that a correlation may be apparent between DNA content and
micronucleation. The relationship between micronucleation and cellular DNA
content was examined in figure 3.20. No significant correlation exists between
DNA index and micronucleus formation (r = 0.21; P = 0.31). Figure 3.22
represents the variation of the coefficient for micronucleation with the a-
coefficient. No meaningful correlation exists between ay and J..Lr (r = 0.11, P =
0.47).
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FIGURE 3.20 Plots of the surviving fraction at 2 Gy (SF2y) and the mean
inactivation dose (Dy) as functions of the coefficient for the
formation of micronuclei (1-1r) upon 60Coy-irradiation for 2
neuroblastoma (KELLY and SK-N-SH) and 5 neuroepithelial
(G-) cell lines.
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FIGURE 3.21 Plots of the (aI~)y ratio and DNA index as functions of
the coefficient for the formation of micronuclei (Ilr) upon
"cc y-irradiation for 2 neuroblastoma (KELLY and SK-N-
SH) and 5 neuroepithelial (G-) cell lines.
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FIGURE 3.22 Relationship between the a-coefficient of inactivation and
the coefficient for the formation of micronuclei (J..1r) in 2
neuroblastoma (KELLY and SK-N-SH) and 5
neuroepithelial (G-) cell lines upon 60Coy-irradiation.
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3.2.4 Dependence of Cell Death Due to Non-Micronucleation and Non-
Apoptotic Events on Irradiation Dose
The probability of radiation inactivation via events other than apoptosis and
micronuclei formation, Poe, was deduced from figure 3.18 using equation 5,
and is plotted in figure 3.23. In the more sensitive cell lines (KELLY, SK-N-SH
and G-60) Poe increases with dose, reaches a maximum and then declines at
higher doses. For the resistant cell lines, a threshold dose is required for the
onset of cell inactivation due to events other than apoptosis and
micronucleation. The minimum dose at which this mode of cell death occurs in
the resistant G-62, G-44 and G-120 cell lines is 0.87, 3.04, and 3.85 Gy,
respectively (Figure 3.23). Doses up to 6 Gy seem to fall short of inducing cell
death via small deletions, chromosome aberrations and misrepair in the G-28
cell line.
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FIGURE 3.23 Probability of cell death due to non-apoptotic events
and micronucleation, Poe, as a function of sOCo y-
irradiation dose in 2 neuroblastoma (KELLY and SK-N-
SH) and 5 neuroepithelial (G-) cell lines. Each curve is
represented by the equation, Poe = 1 - (SFCOL + PMA),
where SFCOL is the clonogenic surviving fraction and
PMA is the probability of inducing either micronuclei or
apoptosis.
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3.3 INTERRELATIONSHIP BETWEEN CELL SURVIVAL,
MICRONUCLEATION, APOPTOSIS AND REPAIR.
The fractions of DNA released in CFGE experiments, Frei, were plotted as
functions of irradiation dose to give the dose response curves for initial DNA
dsb damage and residual damage in three glioblastoma cell lines after 2 and
20 hours repair for the dose range 0-100 Gy (Figure 3.24). The area under the
initial damage curve (AUCo) was then compared to the area under each of the
residual damage curves (AUC2 or AUC2o). Figure 3.24 shows that the three
cell lines show very similar levels of initial DNA damage. The AUCo for the G-
28, G-120 and G-60 cell lines are 47.92, 48.95 and 44.36, respectively. The
ratios of AUCoIAUC2 and AUCoIAUC2o therefore represent the extent to which
DNA dsb damage is repaired. The cell survival, micronucleation, apoptotic and
repair parameters are summarised in table 3.4.
The three cell lines show very similar levels of initial damage. There is no
significant correlation between the extent of repair after 2 hours and
radiosensitivity. In the first 2 hours, the G-28 and G-120 cell lines (with SF2
values of 0.69 and 0.60, respectively) exhibit similar repair proficiencies. After
20 hours of repair, however, strong correlations are apparent between
radiosensitivity measured by SF2s, a-coefficients and mean inactivation doses
and it is shown that the more radioresistant cells repair more damage than the
more radiosensitive cells.
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FIGURE 3.24 Dose response curves for initial and residual
DNA dsb damage in 3 glioblastoma cell lines
after high dose GOCoy irradiation.
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Figure 3.25 represents plots of the cell inactivation parameters as functions of
cellular DNA repair capacity. As SF2 and D values decrease, the 20 hours
DNA damage repair capacity also diminishes giving correlation coefficients of
0.83 (P = 0.38) and 0.97 (P = 0.16), respectively. Increases in the a-
coefficient, which imply increased sensitivity to irradiation, correspond to low
repair proficiency. This correlation was more significant for the 2 hour repair (r
= 0.94, P = 0.36).
The proportion of cells expressing micronuclei and the number of micronuclei
per cell per unit dose correlate more strongly with repair after 2 hours (r =
0.68, P = 0.53 and r = 0.96, P = 0.18, respectively) than after 20 hours (r =
0.40, P = 0.74 and r = 0.65, P = 0.55, respectively). The coefficient for cell
inactivation via apoptosis also shows a significant correlation with the 2 hours
repair (r = 0.99, P = 0.07), but no meaningful relationship with the 20 hour
repair (r = 0.30, P = 0.81). For 2 hours of repair, a higher susceptibility to
apoptosis implies poorer repair proficiency (Figure 3.25).
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TABLE 3.4
A summary of the cell survival, micronuclei formation, apoptosis and repair
parameters. SF2, a and p are derived from figure 3.1. D represents the area
under the curves in figure 3.4. MNF/Gy represents the slope of the regressions
in figure 3.2. The inactivation coefficients via micronucleation (u) and via
apoptosis (~) are obtained from figure 3.18. DNA index is determined from the
histograms in figure 3.8. The repair coefficients AUColAUC2 and AUCoIAUC2o
are calculated from the areas of the dose response curves in figure 3.24.
G-28 G-120 G-60
SF2 0.69 0.60 0.43
a (Gi1) 0.15 0.18 0.37
P (Gi2) 0.015 0.037 0.023
alp (Gi1) 10.0 4.86 16.09
D (Gy) 3.21 2.59 2.25
MNF/Gy (Gi1) 0.36 0.35 0.23
J..l (Gi1) 0.29 0.69 0.29
~(Gi1) 0.022 0.018 0.030
DNA Index 1.75 2.15 1.89
AUCoIAUC2 1.88 2.02 1.40
AUCoIAUC2o 7.62 2.68 2.01
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FIGURE 3.25 Correlation between various cell inactivation parameters and
DNA dsb damage repair 2 hours and 20 hours after sOCoy-
irradiation to doses ranging from 0 to 100 Gy. Repair
proficiency was expressed as the ratio of the areas under
the damage-dose response curves for 0 hour versus 2 hours
(AUCoIAUC2) and 20 hours (AUCoIAUC2o). The inactivation
parameters were: SF2 (.), a-coefficient (A), p-coefficient
(T), am ratio (+), mean inactivation dose (.), micronuclei
frequency per Gy (0), coefficient of inactivation via
micronucleation (L1) and coefficient of inactivation via
apoptosis (V).
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3.4 THE MICRONUCLEUS ASSAY FOR ASSESSING RADIATION-
INDUCED MITOTIC DELAY AND DRUG TOXICITY
3.4.1 In Vitro Cytotoxic Effects of Azadirachtin A on Human
Glioblastoma Cells
The availability of a DNA damage assay (micronucleus assay) prompted me to
examine the curious observation that the neem toxin azadirachtin A should be
insect specific and that much larger quantities of the toxin are required to
inactivate mammalian cells (Cohen et al. 1996), and in particular human
tumour cell lines. The questions under investigation were: Does azadirachtin A
induce any DNA damage in human cells and is the toxic dose indeed much
higher than in insect cells? Preliminary studies on azadirachtin A in human
glioblastoma cells using the vital dye staining method (Brock et al. 1990),
established a dose-response for TP53 wild-type and TP53 mutants (Figure
3.26). Presence of 28 ,liM azadirachtin A for 24 hours in the medium
suppresses the surviving fraction from 1.00 (control) to between 0.45 and 0.75,
depending upon the cell line.
Figures 3.26 and 3.27 demonstrate the cytotoxic effect in cell cultures exposed
to 28 JiM of azadirachtin A on cell proliferation (binucleation) and DNA damage
as indicated by micronuclei frequency (MNF) in TP53 wild-type and in TP53
mutants.
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Figure 3.27 shows that azadirachtin suppresses the binucleation index by 11,
8, and 24% in G-28, G-112 and G-60, respectively. In the TP53 wild-type G-
120 and G-62, binucleation is unchanged, while the TP53 wild-type G-44 cell
line shows a 14% reduction in binucleation (Figure 3.28 and Table 3.5).
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FIGURE 3.26 Toxicity of azadirachtin A in TP53 mutant (G-28,
G-112, G-60) and in TP53 wild-type (G-120, G-44,
G-62) human glioblastoma cell lines. Surviving
fractions were determined by the vital dye staining
method.
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While azadirachtin consistently induces high levels of micronucleation and
micronuclei frequency in the TP53 mutant cell lines, its influence in the TP53
wild-type cells lines is more varied. G-120 cells show no change in MNF, but
an 8% reduction in micronucleation. In G-44 cells, both micronucleation and
MNF are significantly reduced. In G-62 cell line, the exposure to azadirachtin
significantly increases micronucleation and micronuclei frequency by 9% and
23%, respectively.
The influence of azadirachtin on cell survival is shown in figure 3.29. At 28 ,uM
concentration, the toxin was found to significantly reduce cell survival to the
level of 0.31-0.75 depending upon the cell line. The TP53 mutant cell lines are
generally toxin resistant (0.53 < SF ::;;0.75), while the TP53 wild-type cells tend
to be more sensitive to azadirachtin than the TP53 mutant cell lines (0.31 ::;;SF
::;;0.49).
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FIGURE 3.27 Effect of the insecticide azadirachtin A on binucleation,
micronuclei frequency (MNF) and the proportion of cells
containing micronuclei (micronucleation) in TP53 mutant human
glioblastoma cell lines (CIA). Control samples were treated with
only cytochalasin B (C).
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FIGURE 3.28 Effect of the insecticide azadirachtin A on binucleation,
micronuclei frequency (MNF) and the proportion of cells
containing micronuclei (micronucleation) in TP53 wild-type
human glioblastoma cell lines (CIA). Control samples were
treated with only cytochalasin B (C).
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TABLE 3.5
Effect of azadirachtin on proliferation, micronuclei expression and cell survival
in TP53 mutant (G-28, G-112, G-60) and in TP53 wild-type (G-120, G-44, G-
62) human glioblastoma cell lines. These data are derived from figures 3.27
and 3.28, and represent the ratio of the mean value for the treated to the
control for each parameter.
Cell Line Binucleation MNF MN
G-28 0.89 1.70 1.42
G-112 0.92 1.67 1.73
G-60 0.76 1.82 1.62
G-120 1.09 1.00 0.92
G-44 0.86 0.77 0.85
G-62 1.03 1.23 1.09
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FIGURE 3.29 Effect of azadirachtin A on cell survival in TP53
mutant (Upper panel) and in TP53 wild-type (Lower
panel) human glioblastoma cell lines. Cell survival is
determined by the colony assay.
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3.4.2 Effect of Pentoxifylline on Radiation-Induced Binucleation and
Micronucleation
The effect of pentoxifylline on irradiated cells is shown in figure 3.30. Figures
3.31 and 3.32 represent the influence of PENT on binucleation and the
expression of micronuclei in TP53 mutant and in TP53 wild-type glioblastoma
cell lines, respectively. Table 3.6 summarises the data on the effect of PENT
on radiation-induced binucleation, micronucleus formation and cell survival.
In the G-28 and G-60 cell lines, PENT alone decreases binucleation by 13%,
but produces a 19% increase of binucleation in the G-112 cells. For the
proportion of micronucleated cells and micronuclei frequency, G-28 and G-112
show an increase, but G-60 exhibits a decrease (Table 3.6). When PENT is
added 18 hours after 4 Gy irradiation, there is a reduction in binucleation in G-
28 and G-112, but a significant increase in G-60. G-28 and G-60 show an
increase while G-112 shows a decrease in micronucleation and micronuclei
frequency. In G-28, G-112 and G-60 cells, no correlation was apparent
between the TP53 status and the mode of action of PENT on the basis
binucleation, micronucleation and micronucleus frequency. All TP53 mutant
cell lines show a reduction of cell survival by 30-58% when PENT was added
18 hours after irradiation.
PENT has no significant effect on binucleation in unirradiated G-44 cultures,
but causes a suppression of 50% and 26% in G-120 and G-62, respectively
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(Table 3.6). The proportion of cells containing micronuclei is also decreased in
G-120 and G-62, but MNF is unaffected in G-62. MNF decreased by 31% in
the G-120 cell line. In the G-44 cells, PENT increases both micronucleation
and MNF. When PENT is added to irradiated cells, G-120 and G-44 show a
significant increase in binucleation while the proportion of binucleated cells in
G-62 remains unaffected. On average, PENT has no measurable effect on
micronucleation and MNF in all TP53 wild-type cell lines. The TP53 wild-type
cell lines show a greater reduction (65-74%) in survival than the TP53 mutant
cell lines when treated with PENT after irradiation.
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FIGURE 3.30 The effect of pentoxifylline on cell survival in TP53
mutant (Upper panel) and TP53 wild-type (Lower
panel) glioblastoma cell lines irradiated to 4 Gy with
sOCoy-rays.
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Effect of pentoxifylline on binucleation,
micronuclei frequency and the proportion of cells
containing micronuclei irradiated in TP53 mutant
human glioblastoma cell lines (P). In each mode
of treatment, (C) represents treatment with
cytochalasin B.
95
Stellenbosch University http://scholar.sun.ac.za
2
c==::::I Bin uc le atio n
i "~=,"i M\lF
IIIIIIIIIIIIIII Iv1icronucleation
G-120
1
o
OGy/C OGy/C/P 4Gy/C
G-44
0.75
0.50
0.25
0.00
FIGURE 3.32
3
1''''''''''1Binucleation
~!MNF
2 -- Micronucleation
o
OGy/C OGy/C/P
= Binucleation
=MNF
IIIIIIIIIIIIIII Mcronucleation
4Gy/C
G-62
4Gy/C/P
4Gy/C/P
Effect of pentoxifylline on binucleation,
micronuclei frequency and the proportion of cells
containing micronuclei in irradiated TP53 wild-
type human glioblastoma cell lines (P). In each
mode of treatment, (C) represents treatment with
cytochalasin B.
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TABLE 3.6
•
Effect of pentoxifylline (PENT) on cell survival, binucleation and micronuclei
expression in TP53 mutant human glioblastoma cell lines. Values under each
treatment mode are derived from figures 3.30 and 3.31, and represent the
treated: control ratio for each parameter. PENT treated unirradiated samples
were used as controls for PENT treated irradiated samples. The enhancement
factors (EHFs) for binucleation, MNF and micronucleation represent the ratios
for irradiation with to irradiation without PENT. EHF for cell survival was
calculated from the relation: EHF = SF4GyfSF4Gy/PENT.
Cell Line Parameter PENT 4Gy 4 Gy/PENT EHF
Binucleation 0.87 0.97 0.95 0.98
G-28 MNF 1.25 4.83 5.35 1.11
MN 1.16 3.39 3.38 1.03
SF 0.97 0.45 0.26 1.72
Binucleation 1.19 0.58 0.45 0.78
G-112 MNF 1.29 5.79 4.67 0.63
MN 1.17 3.83 2.79 0.73
SF 0.75 0.33 0.31 1.37
Binucleation 0.87 0.40 0.74 1.85
G-60 MNF 0.72 2.94 5.77 1.96
MN 0.73 2.33 4.18 1.79
SF 0.71 0.11 0.06 1.82
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TABLE 3.7
Effect of pentoxifylline (PENT) on cell survival, binucleation and micronuclei
expression in TP53 wild-type human glioblastoma cell lines. Values under
each treatment mode are derived from figures 3.30 and 3.32, and represent
the treated: control ratio for each parameter. PENT treated unirradiated
samples were used as controls for PENT treated irradiated samples. The
enhancement factors (EHFs) for binucleation, MNF and micronucleation
represent the ratios for irradiation with to irradiation without PENT. EHF for cell
survival was calculated from the relation: EHF = SF4GylSF4Gy/PENT.
Cell Line Parameter PENT 4Gy 4 Gy/PENT EHF
Binucleation 0.50 0.29 1.12 3.86
G-120 MNF 0.69 10.25 15.91 1.55
MN 0.77 5.23 7.00 1.34
SF 0.87 0.24 0.03 3.85
Binucleation 1.05 0.84 1.01 1.20
G-44 MNF 1.25 11.35 9.07 0.80
MN 1.15 5.11 4.29 0.84
SF 0.96 0.28 0.08 3.13
Binucleation 0.74 0.35 0.48 1.37
G-62 MNF 1.00 4.40 4.60 1.05
MN 0.83 3.33 4.10 1.23
SF 0.87 0.40 0.16 2.50
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CHAPTER4
DISCUSSIONS
4.1 CELL SURVIVAL AND MICRONUCLEI YIELD
The highest yield of binucleated cells (BNC) was achieved 1-2 days after
incubation with cytochalasin B. This is in close agreement with results on other
rodent cell lines which give 36-48 hours for EMT6 mouse mammary sarcoma
cells (Shibamoto et al. 1992) and 24-48 hrs for the 4 murine cell lines BaibIC
sarcoma, C3H/Hc squamous cell carcinoma, BaibIC melanoma and CS? BL
adenocarcinoma (Shibamoto et al. 1991). The time point at which maximum
binucleation was attained was used for the termination of cultures for
subsequent micronucleus assessment.
Twelve of the thirteen cell lines used in this study showed a good correlation
between MN formation and radiation dose (Figure 3.2). Similar results have
been reported elsewhere (Shibamoto et al. 1991, 1994, Bush and McMillan
1993, Villa et al. 1994, Ono et al. 1994). There is however, no straightforward
correlation between radiosensitivity derived by colony assay and micronucleus
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frequency in binucleated cells evaluated under conditions of maximum
binucleation. In fact, the number of micronuclei per Gy tends to be high in the
more radioresistant cell lines (G-44, G-112, G-120, G-62, G-28 and N2a) and
low in the radiosensitive cell lines OP-27 and SK-N-SH (Figures 3.2 and 3.5).
Studies on other cell lines found radiosensitivity and MN frequency to be
correlated, and the more radiosensitive cell lines producing more micronuclei at
a given dose (Wandl et al. 1989, Shibamoto et al. 1991, 1994). However, an
investigation of human primary ovarian carcinoma and malignant melanoma
cell lines also reported that the micronucleus assay did not rank the cell lines in
the order of radiosensitivity given by clonogenic survival (Villa et al. 1994). In a
group of neuroblastoma, bladder and medulloblastoma cell lines, the more
radioresistant cells produced higher levels of micronuclei per Gy of radiation
(Bush and McMillan 1993).
Opinions regarding the potential usefulness of the MN assay as a predictive
test of tumour cell radiosensitivity range from straightforward negative (Bush
and McMillan 1993) through doubtful (Geard and Chen 1990, Villa et al. 1994)
to advantageous (Shibamoto et al. 1991, 1994) in relation to colony formation.
While the lack of a simple correlation between radiosensitivity and micronuclei
frequency is widely acknowledged (Wandl et al. 1989, Bush and McMillan
1993, Shibamoto et a/1991, 1994, Villa et a/1994) no biological rationale has
been advanced which would explain the finding that some radiosensitive cells
are poor responders in terms of micronuclei formation. An answer may be in
the relationship between the number of lethal lesions and micronuclei
100
Stellenbosch University http://scholar.sun.ac.za
frequency. Cells which exhibit high radiosensitivity in clonogenic assays clearly
show very low micronucleus frequency in response to the number of lethal
lesions and vice versa (Figure 3.3). In the radioresistant G-44, G-112, G-120,
G-62, G-28 and N2a cell lines a single lethal lesion equates to 0.43-2.79
micronuclei per BNC, whereas in the radiosensitive KELLY, SK-N-SH and OP-
27 cell lines one lethal lesion corresponds to as low as 0.05-0.23 micronuclei
per BNC (Figure 3.3). One lethal event in a radioresistant cell line may equate
to ten lethal lesions in a radiosensitive cell line. For any given irradiation dose,
higher levels of lethality would be expected in radiosensitive cell lines. This
may reduce the proportion of cells progressing into mitosis, and therefore affect
the percentage of micronucleus bearing binucleated cells. On the other hand, a
similar dose may not adversely affect the progression into mitosis in the
radioresistant cell lines. Higher proportions of MN containing cells would thus
be observed after the first post-irradiation mitosis. Alternatively, cells could be
inherently inefficient in converting chromatid and chromosome fragments into
micronuclei. Another possible explanation is that cells might express
micronuclei only in subsequent divisions after the first post-irradiation mitosis
as suggested elsewhere (Bush and McMillan 1993).
It has also been suggested that clonogenic survival and micronucleus
formation could depend on the distribution of cells in the cell cycle during
irradiation (Villa et al. 1994). This is because the distribution of cells in the
various cell cycle stages may be different from cell line to cell line, and can
affect cell survival and micronucleation. In cells irradiated in the G2/M and late
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S-phases, micronuclei could arise from only one daughter chromatid while the
other may remain clonogenic and continue to form colonies. On the other hand,
if cells are irradiated in G1, micronuclei formation would lead to genetic
deletions in both daughter cells at the first post-irradiation mitosis and
adversely affect the clonagenicity in both cells and lead to low surviving
fractions. Cell cycle effects cannot be the explanation for the results because
the cell lines were not synchronized, and an influence on the relationship
between MN formation and clonogenic survival from this source appears
unlikely (Bush and McMillan 1993).
Another possibility for high MN frequency in radiation resistant cells could be
ploidy. It has been shown that in diploid cells a micronucleus is equivalent to
one lethal lesion whereas two micronuclei are required to form a lethal lesion in
tetraploid cells (Revell 1983). In my data, a correlation between cellular DNA
content and MN formation or clonogenic survival was not apparent (Figure 3.9).
The onset of radiation-induced apoptosis or programmed cell death is known to
occur within hours after irradiation (Stephens et al. 1991, Mirkovic et al. 1994,
Mathieu et al. 1996). This mode of cell death affects the correlation between
MN formation and cell survival as reported by Abend et al. (1995) and Guo et
al. (1998). Cell lines showing high levels of micronuclei might not exhibit high
proportions of apoptosis, but inclusion of apoptotic and micronuclei data as
total cell damage has been claimed to establish a cell line independent
correlation with survival (Abend et al. 1995). Cell lines producing low levels of
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micronuclei appear to be more susceptible to radiation-induced apoptosis,
suggesting that both parameters may be required to predict cell survival
(Abend et al. 1995, Guo et al. 1998). Concurrent determination of apoptotic
propensity and micronuclei frequency indeed may improve the ranking of cell
lines according to radiosensitivity and rationalise the observation that some
radiosensitive cell lines show a very low micronuclei frequency.
In this panel of cell lines the cytokinesis-block micronucleus assay alone did
not predict cellular radiosensitivity. It is also clear from these data that the
selection of cell lines profoundly affects the results, and this may be the reason
for the widely differing opinions on this issue (Wandl et al. 1989, ana et al.
1989, 1994, Geard and Chen 1990, Shibamoto et al. 1991, Bush and McMillan
1993, Villa et al. 1994, Abend et al. 1995, Kinashi et al. 1997, Widel and
Przybyszewski 1998, Guo et al. 1998, Akudugu et al. 2000). The essential
lines of conclusion are that MN formation is a cell specific response which is
not representative of the total cell damage. In this sense, micronuclei formation
resembles apoptosis which is also cell specific and not alone an indication of
total cell damage (Hendry and West 1997). Identification of the chromosomes
responsible for micronuclei formation and the use of different irradiation
modalities and hypoxia-induced radiation resistance could shed more light
onto this problem.
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4.2 INFLUENCE OF LET ON CORRELATION BETWEEN CELL SURVIVAL
AND MICRONUCLEI YIELD
Radiation modalities of high linear energy transfer (LET) have been widely
applied in the clinic to improve tumour control. These radiation types are of
benefit in the treatment of radioresistant tumours such as those of the head
and neck. It has been widely demonstrated that high LET irradiation causes
high levels of cellular damage and subsequently leads to low levels of cell
survival (Barendsen et al. 1960, Fertil et al. 1982, Chen et al. 1984, Fox and
McNally 1988, Britten et al. 1992, B6hm et al. 1992, 1994, Slabbert et al.
1996).
In a study involving 2 neuroblastoma and 6 neuroepithelial cell lines with a
wide spectrum of radiosensitivities, it was indeed found that p(66/Be +) neutrons
are more potent in inducing micronuclei than y-rays. In fact, neutrons induced
~2.5 times more micronuclei than y-rays (Figure 3.13). These results are in
agreement with other findings on chromosome aberrations, micronuclei and
DNA double strand breaks (Fox and McNally 1988, Tates et al. 1989, Darroudi
et al. 1992, Huber et al. 1994, Heimers 1999), and illustrates the response of
cells to different irradiation modalities. A high frequency of micronuclei could
be an indication that that cell line in question is more deficient in repairing high
LET damage. For peripheral blood lymphocytes, the high MN yield after
neutron irradiation has been attributed to a high proportion of irreparable
damage (Vral et al. 1994). Although DNA damage repair has not been
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considered in this study, it is obvious from the higher MN frequencies induced
by neutron irradiation that the cells are less capable of repairing damage
responsible for the formation of micronuclei. There seems to be no marked
difference between repair proficiency in low-LET and intermediate-LET
irradiations (Britten and Murray 1997). In all the cell lines studied, the range of
radiation sensitivities to photons determined by clonogenic survival narrows
substantially after neutron irradiation (Figure 3.15). This is also supported by
other studies which show that high-LET irradiation generates similar cell
inactivation parameters irrespective of the responses to low-LET irradiation
(Britten et al. 1992, B6hm et al. 1992, Slabbert et al. 1996). In this
investigation, interestingly, the range of micronuclei frequencies, which is a
reflection of the extent of damage, was much more pronounced after high LET
irradiation (0.18-1.59 micronuclei per Gy) than after low LET irradiation (0.04-
0.36 micronuclei per Gy) (Figure 3.13).
The correlation between the levels of irradiation-induced damage and cell
survival is unclear. The widely varying susceptibility to micronuclei formation
but similar survival after high LET irradiation may be explained by a number of
phenomena. Differences in DNA content should lead to different interaction
cross-sections for different cell lines and therefore varied amounts of damage
induced per unit irradiation dose. DNA content cannot explain the wide
variation in cellular response as indicated by micronucleation. These results
show no correlation between DNA content and micronuclei frequency per unit
dose. The DNA indices for G-62, G-120, G-28, G-44, KELLY, G-112 and SK-
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N-SH are 2.42, 2.15, 1.75, 1.61, 1.17, 1.89 and 1.11, respectively. The marked
difference in the micronuclei expression suggests that great differences exist in
the way cells repair the damage reflected in micronuclei formation.
From these results, it is quite clear that higher susceptibility to micronuclei
formation will not imply lower cell survival. Similar results have been reported
elsewhere (Bush and McMillan 1993, Villa et al. 1994, Akudugu et al. 2000).
The fact that cell lines vary widely in expressing micronuclei but show similar
survival after neutron irradiation, suggests that other cell inactivation
processes like apoptosis may playa crucial role. It can also be conjectured
that when cells are irradiated with high LET radiation, a dose dependent but
cell line independent sub-population does not sustain lethal damage and this
sub-population then proceeds to form viable colonies. In conclusion therefore,
a high expression of micronuclei does not imply high radiosensitivity. To
explain the relationship between micronuclei formation and cell survival after
high LET irradiation, other cell inactivation pathways or cell kinetics must be
considered.
4.3 DETERMINATION OF RBE FROM THE MICRONUCLEUS ASSAY
The relative biological effectiveness (RBE) is a measure of the potency of a
given radiation type in inactivating cells. This parameter is dependent upon the
linear energy transfer (LET) of the radiation as well as the cell type. RBE's
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have been derived from a variety of cell inactivation parameters, ie. the
surviving fractions at given dose, a-coefficients, mean inactivation doses, DNA
strand breaks and chromosome aberrations (Fox and McNally 1988, Tates et
al. 1989, Darroudi et al. 1992, Courdi et al. 1996, Slabbert et al. 1996, Heimers
1999, Frankenberg et al. 1999). For the induction of micronuclei by neutrons of
varied LET, RBE's ranging from 3.0-12.0 have been reported for established
cell lines and for human lymphocytes (Tates et al. 1989, Darroudi et al. 1992,
Huber et al. 1994, Heimers 1999).
In this study, RBE's were derived from the areas under the normal nuclear
division fraction-dose response curves (NDF) and compared with RBE's
obtained from clonogenic survival parameters (Figure 3.17). In the G-28 and
G-120 cell lines, the RBENN differed significantly from most of the RBE's
determined from cell survival parameters. However in KELLY, G-60, G-44 and
G-62 they compared rather well with RBE's obtained from cell survival
parameters. In this panel of cell lines, the RBE's determined from SF2, a-
coefficient, alf3 ratio and D ranged from 0.77 to 5.89. The RBE's determined
from the normal nuclear number division fraction ranged from 0.99 to 2.42. The
fact that RBENDF"falls within the range of RBE's determined by the conventional
survival assay suggest that the fraction of cells not containing micronuclei may
indeed be useful for testing the toxicity of radiation modalities for cell
inactivation. This potential of the micronucleus assay alone may not have been
realized.
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4.4 INTERRELATIONSHIP BETWEEN CELL SURVIVAL, MICRONUCLEI
FORMATION AND APOPTOSIS
The reliability of the micronucleus assay as a predictor of radiosensitivity has
been widely questioned. While some authors assert that the micronucleus
frequency reflects intrinsic radiosensitivity (Masunaga et al. 1990, Ono et al.
1994, Khan et al. 1998), others see this as an oversimplification and caution
against this interpretation (Geard and Chen 1990, Bush and McMillan 1993,
Villa et al. 1994, Akudugu et al. 2000). The lack of correlation between the
coefficient for radiation-induced micronucleation, 1J.y, and the survival fraction
at 2 Gy, SF2y, is consistent with the notion that micronucleation alone cannot
adequately reflect radiosensitivity. Apoptosis is cell type specific and some cell
types are not susceptible to this mode of death (Abend et al. 1995, Stephens
et al. 1991, 1993, Guo et al. 1998, 1999). Data presented here for seven cell
lines also show no correlation between apoptotic propensity and
radiosensitivity. The lack of correlation between apoptosis and radiosensitivity
strongly suggests that apoptotic propensity alone is inadequate in assessing
the long-term response to radiation (Figures 3.18 and 3.19).
The apoptotic propensity depends on how rapidly apoptosis occurs after
irradiation and how susceptible cells are to this mode of death. While some
cells exhibit high apoptosis within hours after irradiation (Mirkovic et al. 1994,
Weil et al. 1996), others express significant levels of apoptosis only after days
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(Abend et al. 1995, 2000, Guo et al. 1998, 1999). The short-term response
represents a direct effect while a delayed expression of apoptosis may be a
response to mitotic failure.
The levels of binucleation that can be achieved in unirradiated cell lines by the
cytokinesis-block assay usually range from 15 to 80% (Bush and McMillan
1993, Ono et al. 1994, Villa et al. 1994). The maximum binucleation indices
achieved in our panel of cell lines within 40 hours are consistent with those
found the literature, and as such validates the choice of for the micronucleus
assay. Binucleation indices also tend to decline with increasing radiation dose
(Table 3.3). The low proliferative activity of unirradiated G-120, G-62, KELLY
and SK-N-SH cultures can be explained by their moderate to high
radiosensitivity. This may be an indication of large proportions of cells stopped
in the Go or G1 phases during cell culture, resulting in only a small fraction
cycling into mitoses. In the same vein, irradiation would only enhance this
phenomenon and lead to low cell survival. The percentage of cells that are
binucleated therefore may not be representative of the total cell population.
The percentage of cells that are binucleated therefore may not be
representative of the total cell population. The shortfall in matching
micronucleation with survival may be explained by this reduction of cells going
through mitosis. Ideally, the micronucleus assay should be applied to
synchronised cultures but such models fall short of the requirement of
heterogeneity usually exhibited by in vivo systems (Khan et al. 1998). Since
some cell types express significant levels of micronuclei only after the second
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or later post-irradiation divisions (Shibamoto and Streffer 1991, Bush and
McMillan 1993, Widel and Przybyszewski 1998), cumulative micronucleation
can be assessed in a time series over several days as described elsewhere
(Geard and Chen 1990). This approach would be very tedious and
cumbersome, and would present no special advantages over the conventional
colony assay.
I have previously demonstrated that isolated measurements of micronucleation
cannot rank the cell lines according to the radiosensitivity (Akudugu et al.
2000). Simultaneous assessment of apoptosis and micronucleation as modes
of cellular damage has been shown to improve the predictability of
radiosensitivity (Abend et al. 1995, Guo et al. 1998, 1999). The total
proportions of non-apoptotic and non-micronucleated cells, assessed 40 hours
after irradiation, seems to differ significantly from the cell population
responsible for clonogenic survival (Table 3.3). Therefore, the sum of the
damage assessed by apoptosis and micronucleation at this time point falls
short of the total damage caused by irradiation. Other modes of cell death are
likely to be involved in influencing radiosensitivity. The most likely candidate
considered here is reproductive cell death or mitotic failure.
To date, no assays are available which can directly quantify the proportion of
cells dying through reproductive failure. Although apoptosis is implicated as
the ultimate route of cell death after irradiation-induced mitotic failure (Tauchi
and Sawada 1994, Hu and Hill 1996, Olive et al. 1996), this is likely to occur
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over several cell divisions. The assessment of apoptosis alone at a single
time-point therefore may not be representative of the total irradiation
response. Micronuclei and apoptosis scored at an early time point after
irradiation may also not reflect all the damage that ultimately leads to loss of
reproductive integrity. Cells which appear normal (non-micronucleated or non-
apoptotic) at the time of observation may proceed to reproductive failure at
subsequent mitoses and thus fail to form colonies. This could explain the large
difference between the survival probability derived from micronucleation and
apoptosis, SFMA, and clonogenic survival, SFCOL (Table 3.3). Other
investigators, however, suggest that this disparity may be due to cell death
through abnormal morphology (Abend et al. 2000).
The dose response for apoptosis and micronucleation cannot classify cell lines
according to radiosensitivity (Figure 3.18). However, these measurements are
useful in deriving a relationship between reproductive failure and dose (Figure
3.23). It is shown that radioresistant cell lines require threshold doses ranging
from 0.87 to more than 6 Gy to exhibit reproductive failure, whereas
radiosensitive cell lines go into reproductive cell death at very low doses just
above 0 Gy. From the probability functions, a threshold dose of 3 Gy
separates the 7 cell lines. Above this dose, the radiosensitive cell lines show a
decline in the probability of entering reproductive failure, and the
radioresistant cell lines show an increasing probability. It is demonstrated here
that measurement of clonogenic survival, micronucleation and apoptosis
leaves a variable cell specific parameter which accounts for the fact that
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radiosensitivity (clonogenie survival) does not correlate with apoptotic
propensity and micronucleus formation. This parameter is the probability of
entering reproductive failure, and is relevant for the reconstruction of cellular
responses to irradiation from micronucleation and apoptosis measurements.
4.5 CORRELATION BETWEEN CELL SURVIVAL, MICRONUCLEATION,
APOPTOSIS AND REPAIR
The cytokinesis-block micronucleus and apoptosis assays are being widely
discussed for their suitability as predictors of cellular sensitivity to cytotoxic
agents (Masunaga et al. 1990, Geard and Chen 1990, Bush and McMillan
1993, Villa et al. 1994, Ono et al. 1994, Khan et al. 1998, Akudugu et al. 2000).
These investigations show numerous inconsistencies and cannot correlate
apoptosis and micronuclei data with radiosensitivity. Some authors propose
that the assays could be reliable if additional factors including abnormal
morphology (Abend et al. 2000) and cell death due to small deletions,
chromosome aberrations, misrepair and late apoptosis (This thesis) are
considered.
Differences in DNA repair proficiencies are widely known to affect cellular
radiosensitivity (Weichselbaum 1986, Fox et al. 1988, Peak et al. 1991, Hu
and Hili 1996, Britten et al. 1997, Dolling et al. 1998), but attempts to
reconstruct clonogenic survival from micronuclei and apoptotic data often
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ignore this fact. It is shown here in three glioblastoma cell lines with a
moderately wide range of radiosensitivity that DNA dsb repair influences
micronuclei formation and apoptosis, and ultimately cell survival. No significant
difference was found in the initial DNA damage, but a clear correlation exists
between damage repair after 20 hours and radiosensitivity, indicating that the
more radioresistant cells exhibit better repair proficiency (Figure 3.24). This is
in agreement with other reports (Whitaker et al. 1995, Dikomey et al. 1998,
Theron et al. 2000).
It must be mentioned that some investigators found wide cell line dependent
variations in the induction of DNA dsb damage (Zaffaroni et al. 1994, Ruiz de
Almodovar et al. 1994). Other workers found no correlation at all between
repair capacity and radiosensitivity (Smeets et al. 1993, Olive et al. 1994).
These inconsistencies remain largely unexplained. In my panel of cell lines,
the 2 hours repair data, elsewhere referred to as the fast repair component
(Dikomey et al. 1998) correlates well with both apoptosis and micronuclei
formation. The G-28 and G-120 cell lines which repaired more damage within
the first 2 hours yielded more micronuclei per Gy but showed lower
susceptibilities for the induction of apoptosis (Table 3.4). On the other hand,
the more radiosensitive G-60 cells repaired less damage, expressed fewer
micronuclei and were more susceptible to apoptosis. These results suggest
that micronuclei and possibly apoptosis arise from failed DNA dsb damage
repair within a couple of hours after irradiation. The better correlation between
20 hours repair (the sum of the fast and slow repair components) and
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radiosensitivity seems to suggest that most of the repair that takes place later
than 2 hours after irradiation is less error prone. A large extent of error-free
repair would thus imply a high survival level.
Cellular DNA content has been shown to influence the yield of irradiation
induced micronuclei frequency (Revell 1983). Since the magnitude of initial
damage induced in these cell lines was independent of DNA content, cellular
DNA content can only be implicated in radiosensitivity through its influence on
repair. The cell lines containing more DNA repaired poorly and were thus more
radiosensitive and vice versa. Conjecturally, this suggests that although
comparable levels of DNA damage were induced, the repair rate would depend
on the proficiency of repair enzymes to locate the damage. More time would be
required to locate damage in a cell with high DNA content than in a cell with
less DNA, a phenomenon analogous to searching for a friend in a crowd of
1000 people as compared to a group of 10 people. Differences in DNA content
cannot explain this relationship since the ploidy of G-28 (SF2 = 0.69), G-120
(SF2 = 0.60) and G-60 (SF2 = 0.43) were found to be 1.75, 2.15 and 1.89,
respectively. Consideration of chromatin structure also must playa role here.
4.6 CYTOTOXICITY OF AZADIRACHTIN A
The use of azadirachtin A as an insecticide is well documented (Rembold et
al. 1989, Schmutterer 1995, Singh et al. 1996, Linton et al. 1997, Mitchell et al.
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1997, Nogueira et al. 1997, Sayah et al. 1998, Guerrini and Kriticos 1998, Su
and Mulla 1998, Kollien et al. 1998). Azadirachtin is known to affect feeding,
metamorphosis and ultimately reproduction in insects, but little is known about
its mode of action and the cellular targets (Rembold et al. 1989, Cohen et al.
1996, Nogueira et al. 1997, Sayah et al. 1998). There is, therefore, an
enormous interest in agriculture and toxicology regarding the biological activity
of azadirachtin and other neem toxins.
Azadirachtin toxicity in mammalian and insect cell lines is still not well
characterized. Rembold and Annadurai have shown that 48-hour exposure of
the Spodoptera frugiperda ovarian cell line, Sf 9, to ~1.4 ,uM azadirachtin was
toxic (Rembold and Annadurai 1993). However, a hundred-fold higher dose of
azadirachtin (i.e. >200 ,uM) was non-toxic to Sf 9, N1E-115 neuroblastoma
(mouse), RAW 264.7 macrophages (mouse) and 143B.TK osteosarcoma
(human) cell lines, while a mild effect was observed in the Drosophila
melanogaster KC cell line over 24 hours (Cohen et al. 1996). This suggests
that the timing of endpoints after exposure to azadirachtin may playa critical
role, and that it may be necessary to distinguish between endpoints reflecting
target damage and endpoints reflecting cell damage.
The availability of a DNA damage assay (micronucleus assay) prompted me
examine the curious observation that the neem toxin azadirachtin A should be
insect specific and that much larger quantities of the toxin are required to
inactivate mammalian cells (Cohen et al. 1996), and in particular human
115
Stellenbosch University http://scholar.sun.ac.za
tumour cell lines. The questions under investigation were: Does azadirachtin A
induce any DNA damage in human cells and is the toxic dose indeed much
higher than in insect cells?
In this study, six human glioblastoma cell lines with different TP53 status were
used since insecticides often are neurotoxic. Differences in TP53 status could
also lead to differences in cellular response to genotoxic agents. In a
cytokinesis-block culture, binucleated cells are an indication of mitotic activity.
Cultures with high binucleation, thus, have a high proliferation index (Geard
and Chen 1990). The results in this study show that azadirachtin inhibits
proliferation in G-28, G-60 and G-44 (Figures 3.27 and 3.28 and Table 3.5).
When the induction of micronuclei was considered, all TP53 mutant cell lines
and one TP53 wild-type cell line (G-62) exhibited elevated micronuclei
frequencies. This implies that azadirachtin causes non-reparable DNA
damage, which manifests itself as chromosome fragments in the form of
micronuclei after mitosis.
The decrease in mitotic index which is evident from the binucleation parameter
and low levels of micronucleation in the G-44 and G-120 cell lines can be
explained by low survival. Mitotic index and micronucleation were determined
after 40 hours. Cells which are very sensitive to the toxin may lose their
reproductive integrity and, hence, do not progress into mitosis to form
micronuclei (Akudugu et al. 2000). This would also explain the marked
difference between the mitotic index and surviving fraction. Survival is
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determined after 8 days, by which time most of the non-viable cells detected
by the micronucleus assay would have died.
The results presented here permit a number of conclusions. In mammalian
cells, nuclear DNA is a critical target for azadirachtin as evidenced by the
formation of micronuclei. A period in excess of 40 hours (or at least one post-
exposure mitosis) is required to detect the influence of azadirachtin on DNA.
Other biological endpoints such as cell viability and morphological changes
are known to be affected within minutes of contact with neem toxins (Cohen et
al. 1996). When cell proliferation over 40 hours is considered, TP53 mutant
human glioblastoma cell lines tend to be more sensitive to azadirachtin
treatment. Interestingly, the higher susceptibility to DNA damage and the 2-3
fold higher MN frequency in TP53 mutant glioblastoma cells are coupled to
better cell survival after 8 days than their TP53 wild-type relatives. This
anomaly between toxin sensitivity and cell survival has also been noted in
irradiated cells where the most resistant cells exhibit higher MN frequencies
(Akudugu et al. 2000). The current explanation is that radioresistant cells can
accumulate more DNA lesions and still go into mitosis whereas radiosensitive
cells show greater lethality prior to the first post-irradiation mitosis (Akudugu et
al. 2000). Whereas radiation induces DNA damage both by direct interaction
and via free radicals. It is not known at this stage of our investigation whether
azadirachtin causes DNA damage directly or through a cascade of other
processes. However, there is a possibility that a cocktail effect in our
preparation (91% azadirachtin A:~9% azadirachtin B) plays a synergistic role
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in the relatively high toxic levels. In insects, it has been suggested that the
susceptibility to toxins can be influenced by the reproductive potential (Stark et
al. 1997). It is possible that the antifeedant and antimoulting effects of
azadirachtin seen in insects are preceded by damage in critical targets.
Investigations of these targets would be essential for a better understanding of
the mechanisms of action of the neem toxins.
4.7 INFLUENCE OF PENTOXIFYLLINE ON CELL SURVIVAL, MITOTIC
SUPPRESSION AND MICRONUCLEATION IN IRRADIATED CELLS
Pentoxifylline has been shown to exhibit sensitising effects in human and
rodent cells in conjunction with ionising radiation (Kim et al. 1993, Vernimmen
et al. 1994, Theron and Bëhm 1998, 2000, Bëhm et al. 1999). The drug is also
known to rapidly abrogate the irradiation induced G2 cell cycle checkpoint
(Russell et al. 1996). The sensitising effect of pentoxifylline is thought to be
due to an induction of early mitosis (Li et al. 1998), and as such cells do not
have enough time for DNA repair (O'Connor 1997, Durante et al. 1999). This
view has been questioned however, and it has been demonstrated that the
drug does not enhance radiotoxicity when added at the G2 block maximum, but
only when present during irradiation (Theron et al. 2000). In the cytokinesis-
block micronucleus assay the induction micronuclei after irradiation requires
that cells pass through mitosis after irradiation since micronuclei are scored in
binucleated cells.
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In the six human glioblastoma cell lines of different TP53 status studied here, it
was found that the toxicity of pentoxifylline itself varied from slight to moderate.
At 2 mM PENT, the reduction in cell survival was found to be 3-29%. This
toxicity range agrees well with other reports (Bohrn et al. 1999, Theron and
Bóhm 2000, Theron et al. 2000). Pentoxifylline sensitises cells to GOCoy-
irradiation giving cell kill enhancement factors ranging from 1.37 to 3.85
(Figure 3.30, Tables 3.6 and 3.7). Although these enhancement factors are
well within the range reported by other investigations (Powell et al. 1995,
Russell et al. 1995, 1996, Li et al. 1998, 1999, Theron et al. 2000), they
contrast with the observation that the TP53 wild-type cell lines were more
sensitised than their TP53 mutant homologues (Tables 3.6 and 3.7). The
results presented here were obtained when pentoxifylline was added at the
maximum expression of G2 block. No enhanced radiotoxicity was seen in TP53
mutant and TP53 wild-type cells for application of the drug at this time point.
The enhanced cell kill found for glioblastoma cell lines is however consistent
with the reduction of irradiation induced mitotic suppression as shown by the
increase of the proportion of TP53 wild-type cells which have undergone
mitosis (Table 3.7). Only one TP53 mutant cell line (G-60, Table 3.6) showed
any significant increase in the proportion of cells that underwent mitosis. This
phenomenon that pentoxifylline tends to preferentially sensitise TP53 wild-type
cells cannot be due to the cytotoxicity of the drug alone since these cells
showed better survival than their TP53 mutant homologues. Sensitisation of
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the TP53 wild-type cells also cannot be explained by a possible accumulation
of cells in an irradiation induced G1 check-point, because the TP53 wild-type
cells showed elevated proportions of cells undergoing mitosis as seen in the
enhancement factors for binucleation (Table 3.7). Low EHF's for binucleation
may imply either an increased radiotoxicity or cell blockage at the cell cycle
check-points. It appears that the mode of action of pentoxifylline may be cell-
type specific, and not only dependent on the TP53 status. To explain this
phenomenon, apoptosis and DNA repair proficiencies in the presence of
pentoxifylline would need to be considered.
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CONCLUSIONS
1. From a total of the 13 neuroblastoma and neuroepithelial cell lines, only the
SH-SY5Y cell line did not express detectable levels of micronuclei in
response to irradiation. It is not clear why this cell line failed to respond.
Extreme radiosensitivity has been suggested as a reason for low
micronuclei yield (Akudugu et al. 2000), however the SH-SY5Y cells are
more radioresistant than the OP-27, SK-N-SH and KELLY cell lines, which
expressed significant levels of micronuclei. Nevertheless, the cytokinesis-
block micronucleus assay is suitable for testing sensitivity to cytotoxins.
The major limitation however is that this assay does not rank cell lines
according to radiosensitivity. This issue remains under investigation but is
still unresolved.
2. Inclusion of apoptosis and cell death via pathways other than
micronucleation could improve radiosensitivity ranking. Apoptosis and
micronucleation are dose dependent and interrelated by an exponential
function. Cell death due to processes like small deletions, misrepair and
chromosome aberrations is a variable and cell type-specific parameter
which appears to be a component of cell survival. This mode of cell death
occurs even at very low doses in radiosensitive cell lines, while
radioresistant cell lines require moderate to high threshold doses for cell
death from processes other than apoptosis and micronucleation. A clear
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understanding of the interrelationship between these cell inactivation
pathways would help to resolve anomalies in radiosensitivity ranking.
3. Results on DNA dsb repair in 3 cell lines of differing radiosensitivity
suggest that both micronucleation and apoptosis may be influenced by
DNA dsb damage repair. It is shown that the fast repair component tends to
strongly correlate with the induction of micronuclei and apoptosis. This
furthermore suggests that micronucleation and apoptosis are a
consequence of early repair, and that a high repair activity in the first 2
hours may signal a high micronuclei frequency and a depression of
apoptosis.
4. In the human glioblastoma (neuroepithelial) cell lines, the TP53 wild-type
cells are significantly radiosensitised when pentoxifylline was added 18
hours after irradiation, while no sensitisation was observed in the TP53
mutant cell lines. This result is in contrast with several reports showing that
the radiation sensitisation of pentoxifylline occurs only in TP53 mutant cell
lines and only when the drug is added at the time of irradiation (Russell et
al. 1995, 1996, Li et al. 1998, 1999, Theron et al. 2000). Clinical
applications of pentoxifylline in glioblastoma therapy are consistent with the
unusual behaviour of glioblastoma cells (NIH Clinical Research Studies,
Protocol no: 95-C-0069). TP53 wild-type glioblastoma lines also show
enhanced proportions of cells undergoing mitosis. This confirms abrogation
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of a G2-phase block. The enhanced radiosensitivity is therefore not a
consequence of a G1-phase arrest in the TP53 wild-type cells.
5. The micronucleus assay and other damage assays are not exclusively
suitable for comparing cytotoxic responses between cell types. Damage
assays tend to be cell specific and cannot predict the ultimate cell survival.
The MN assay however shows great potential in assessing radiotoxicity
and drug toxicity in individual cell systems. This assay is sensitive to low
levels of damage and should be useful in studying the effects of
microenvironmental changes on the induction of damage in tissue. Studies
of this nature would be useful in the areas of biological dosimetry (in the
event of patient overdose or accidental exposure of radiation workers) and
toxicology e.g. the food industry.
6. The micronucleus assay is capable of distinguishing between radiation
modalities. It is shown here that the assay sharply differentiates low-LET
irradiation from high-LET irradiation, and can identify photon-resistant cells
which are neutron sensitive. The RBE of p(66/Be +) neutrons determined by
the micronucleus assay compares favourably with those determined by
conventional survival parameters (Fox and McNally 1988, Tates et al. 1989,
Darroudi et al. 1992, Courdi et al. 1996, Slabbert et al. 1996, Heimers
1999, Frankenberg et al. 1999). This assay would also be capable in
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assessing drug toxicity and therefore may be suitable in pharmaceutical
and agricultural industry.
7. Limitations of applying the micronucleus assay exist. Some cells may not
express micronuclei as seen in the case of the SH-SY5Y cell line (Akudugu
et al. 2000). Established cell lines tend to show high background MN
frequencies, which can result in low MN reponses to irradiation or drugs.
The fact that the MN response to dose is not infinitely linear but shows
saturation kinetics, limits it application to low doses. Scoring of micronuclei
in cells with little or no cytoplasm is error prone, however a low
nuclear:cytoplasmic ratio helps in detecting cells from which micronuclei
originate. Cell lines which tend to clump are difficult to score. Therefore,
great caution must be taken in applying the MN assay to cell toxicity
studies.
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